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Abstract—We characterize the performance of energy detector the exact ED detection probability in Nakagamiand Rician
(ED) over square-law, square-law selection, and switch-and-sfa fading channels for SL, SLS and SS combining schemes.
diversity combining schemes. The exact average probabilities of a 1 ackle the mathematical complexities of versatile Ricia

miss (P,.), and a false alarm (P) are derived in closed-form. To . .
derive P,, for versatile Nakagami-m and Rician fading channels, and Nakagam fading channels, a two-fold approach, based

a twofold approach, using the probability density function (PDF) ©n the moment generating function (MGF) or the probability
and the moment generating function (MGF), is applied. Using the density function (PDF), is developed. The MGF method is
PDF method, the achievable diversity order over the Nakagami- useful to evaluate the exact detection probabilities oveiaR

m channel is derived. However, this method becomes intractable fading which appears difficult with the PDF method. Using

when analyzing P,,, of the aforementioned combiners in Rician . . . .
channels, but the MGF method can handle this case. Our analysis the derived results, we then investigate the achievablersity

helps to quantify the performance gains of ED due to diversity Of SL, SLS and SS combining schemes in both Nakagami-
reception. Theoretical derivations are verified through numerial  and Rician fading channels. The investigation shows thesteth
Monte-Carlo simulation results. low-complexity diversity combining schemes are robust in
Index Terms—Energy Detection, Non-coherent combining, eXplOiting the mUltlpath diverSity and hence achieve élgﬂnt
Square-Law Combining, Switch-and-Stay Combining, Area un- performance gaingo the best of our knowledge, the presented
der the ROC curve, Marcum-Q integrals, Cognitive radio, Spec- results are neither special cases nor deducible readity fhe

trum sensing previously reported results such as [7], [8], [10], [12]81and
this remark will be further clarified subsequently.
|. INTRODUCTION This paper is organized as follows. Section Il summarizes
Energy detection to determine the absence or presencethef system model. Sections Ill, IV and V analyze the per-

a of radio signal finds myriads of applications in ultra wideformance of energy detection with SL, SLS and SS schemes.
band (UWB) [1], [2] and cognitive radio [3]. It is a widely Section VI provides numerical results. The concluding n&sia
researched, low-complexity detection mechanism and declu are given in Section VILI.

in the IEEE802.15.4a [2] and IEEES02.22 standards [3], [4].

[5]. II. SYSTEM MODEL AND DIVERSITY RECEPTION

‘To improve the performance of the energy detector in rhe received signal of single diversity brangtt) which
wireless fading, receiver diversity combining schemesehay,ntains an unknown deterministic band-limited sigaét)
been widely considered [6]-[19For example, the maximal 5ng nojsen(t) or noise only, can be modeled as a binary

ratio (MR) combiner and selection combining under Rayleighnotheses If, and H,) problem, as given in (1)
fading [14], [18] and shadowing effects [15] are investight ’

In [19], the MR, equal gain (EG) and selection combining y(t) =bhs(t) +n(t) : Hy ()
schemes in Rician and Nakagamichannels are presented
Diversity reception over cascaded Rayleigh; 1 andx — p
fading channels is studied in [6], [20], [21], respectivelne
receiver operating characteristic (ROC) curves P,,, against

Py) and the area under the ROC curve (AUC) are widely usg nsing decision [3].The detector decision variablg is a

to quantify the detector performance [15]-17], [19], [22] square sum oPu Gaussian random variables wheres Z+

The ROC and AUC analyses show that coherent MR aj the time-bandwidth product. The instantaneous sigmal-t

E mbiner hieve remarkabl rformance improvement . . : 2 .
115) 116) [16), (16]. However, snce e philosophy of sop. NOISS 12l (SNR) is defined by — 2 where 2, is the
dete’ction’ ‘s c;ontin i 'I Simpl tati | .tobserved energy anlly; is single sided noise power spectral
) ntingent -on fow-impiementation CompIexity nsity. HenceY under Hy and H; are, respectively, central
pilot based estimations of channel state information (quﬁd non-central chi-s ua(r)e distrikljut(agl'% ) with 2u d’e rees
required for MR and EG combining are a drawback [19 St freedom and non-gentrality parametqiaf Thus thegPDF
Consequently, low-complexity diversity combining scheme £V is given b ' '

such as square-law (SL), square-law selection (SLS), afg” 'S glvenby
switch-and-stay (SS) are vital. In [17], [18], the SL, SLSlan {

where h is the complex channel gain and is a binary
hypothesis indicatob € {0,1}. Note that in (1), the block
fading model is considered. This model is of practical ieser
because ED is used to obtain a fast (i.e., short duration)

1 u—1,—%
d- Sk, SL T Y€ +Ho
SS combining scheme; are analyzed for Rayla_gh fgdlng. The /v (®) %(#)% o— 25 Lo (V27y) - Hy'
result of SL combining is extended to Nakagami fading chan- "
nels in [12], [13]. However, in all these works, the achideabwhereT'(.) is Gamma function and,,(.) is »" order mod-
diversity order - an intuitive system performance metrenrot ified Bessel function of the first kind. Therefore, the aver-
derived. This gap is addressed in this work. We first evaluaage miss probability (missed-detection probabiliy), can

)




be computed by averaging the conditional miss probabilitgpresentation fof'(1 + a,z) = ale™* Y7 j—,, a=0,1,..
Pp(vh) = 1 — Qu(v/27,V\) where@,(.,.) is the gener- [25, eq. 8.352-2] P; can be expressed as
alized @™ order) Marcum-Q function and is the detector

threshold, with respect to the PDF of the SNRz) given in _ T (q,\/2)

(2) [15], [17], [19]. For brevity, only a summary of the syste Py .piv = T (5a)
model is provided. We refer the reader to [17], [19], [23] for A Ca

more details. =e e (N2) ze 2, (Sb)

As we will show, when several diversity branches of the
form (1) are combined, the overall decision variable willaal where ¢, (.) is the exponential sum function, i.ee, (z)
be chi-square distributed, but the degrees of freedom amd thpresents the first terms of the series representation of
PDF of SNR are modified accordingly. Thus, in general, we”. The inequalityP; p;, > e~ 2 holds ase,—1 (A/2) > 1
encounter an integral involving the Marcughfunction and with equality wheng = 1. Note thatP p,, is lower bounded
the PDF of resulting SNR of the combiner. For this purposby e~ 2, i.e., the benchmark performance in terms of average
we follow a two fold approach as described below. false-alarm probability decays exponentially ovet2.

A. Average probability of miss-detection — PDF and MGF
based methods [1l. DETECTION WITH SQUARE-LAW (SL) COMBINING

1) PDF based methodThe average missed-detection prob-
ability for a diversity combining scheme can be computed The SL concept may prove useful in two scenarios where
by averaging the conditional miss probabilify,,(v|h) = the individual energy measurements are available to the com
1-Q,(v/27,V\) whereQ,(., .) is the generalizeds{" order) biner through (i) multipath propagation (ii) through spéli
Marcum-Q function with respect to the PDF of the SMRxz) scattered user energy measurements reported to a fusiter cen

[15], [17], [19]; [26]. In the distributed setup (scenario (ii)), we consider that
o 0o the measurements are i.i.d. which is a realistic assumption
Popiv=1 —/ Q,(V2x, V) £, (z)dz. (3) for the equidistant users. However, the fusion center needs

0

instantaneous individual user energy measurements asawell
The order of Marcun® function, i.e.,q € Z™ depends on the CSI estimates, which leads to large control channel oveidhea
diversity combiner and will be specified later. Therefore, in scenarios (i) and (ii), nhon-coherent comisine
2) MGF based methodThe MGF of v may be defined which exploit the diversity gain without the need for CSI are
as M(s) = E(e *7) where E(.) is the statistical expecta- more preferable.
tion. Using the contour integral representation of gemegel ~ The SL combiner adds the individual energy measurements
Marcum<) function [24], P, can be expressed as without compensating for the channel gains and thus does
B J 1 i not need CSI.LThe output decision variable is thus defined
Pppiw=1- - % M <1 — > ———dz, (4 by Ys, = > ;.,Y; where L is the number of diversity
215 Ja z) 21 - 2) branches and’; is the decision variable of theth branch
whereA is a circular contour of radius that encloses origin; (i = 1,...,L). Under Hy, and H;, Ys; is x3,, and
0<r<1 j=+—1andz e C [19]. The integral in (4) Xx3..(2ysz) distributed respectively. The output SNR of the
depends only on the residues at the poles of the integrarmmbinerys;, = Zf:ﬂi and ~; denotes the SNR of the
inside the contour. i indexed branch. Thus the average false-alarm probability
Depending on the fading model and the type of diversifpr SL combining (P;sz) can be obtained by replacing
combining, the evaluation and tractability of integral} &8d by Lu in (5), i.e., Pygs; = W Moreover, miss-
(4) are different and consequently, the choice between M@Etection probability can be obtainetj after replacjngy Lu
and PDF based methods varies. For example, it appears ¢hatethd evaluating the integrals in (3) and (4) as follows.
case of diversity combining over Rician fading is intradéab
via the PDF, whereas the MGF method handles the related
integrals readily. In the discussion below, we follow erthiee
MGF or the PDF based method and where possible, resits Nakagami-m Fading - PDF based method
from both methods are provided.

The PDF of a Gammé&(«, §) random variable is given by

N f@) = soreey z*~le=*/% 1 >0, where the shape parameter
B. Average probability of false-alarm o > 0 and the scale parametér> 0. When the received

The channel fading does not affect the detection under nogignal amplitude follows Nakagamifading, the SNR in each

only hypothesisf, (please see (1)). Thus, the average probBranch; is a G(m,y/m) random variable wherg is the
bility of a false alarmP; p;, = I' (¢, \/2) /T'(k) wherel'(.,.) average SNR, angh > % is the fading severity index. In this

represents upper incomplete Gamma function defined by #&s€,ysz is aG(Lm,¥/m) random variable.
integral form'(a,z) = [ t*"'e~'dt andT'(a,0) = I'(a) Using (3) and the alternative representatiorcnf(. , .) [27,

[17], [19]. For integera, I'(a) = (a — 1)!. Using series eq. 4.63], the average miss probability over St (s nak)



can be expressed as to find the minimum number of terms required in calculating
P...s1.nak 10 @ given accuracy figure (Table ).

The special case df = 1 (i.e., no-diversity reception) (10)
J I'(Lm) simplifies to [19, eq. (8)]. It should be noted that, the PDF of
y / L=l = (\/y’ \f)\) dv, the SNR for maximal ratio (MR) combiney,; is also the

0 same agj(Lm,7/m). However, the decision statistic under
(6a)  m, with MR combining of L i.i.d. branches isx3,(2vrr),
m\E" emr S /AN 2 i.e., ¢ = u [19]. For this reason, it is easily seen that the SL
= < > m Z <2> combiner miss-detection probability is neither a specésdec
- n=Lu nor deducible from that of the MR combining (cf. [19, eq.
x / P e L (33) dy. (29D,
0

At large SNR# values,P,, s nar Can be approximated

m\ " 1
Pm,SL,Nak’ =1~ ()

I3

5

(6) using (10) as
Evaluating (6b) by [25, eq. 6.643-2] and using the relation
between Whittaker function and Hypergeometric function Lm A A A
1Fi(5.) [25, eq. 9.220-2),P,, s1.,nak CAN be expressed as” m-SL.Nak ™ m="e2 | @y | Lim, 131 29 (12)
i __Aq
in (7) wheres = . Lu=1 | /\\ % \
~—Lm

_ " > q n - — () 1F1 <Lm;n+ L; > ] }’Y
PpspNae = (1 — 8" e 3 Z o] (;\) (7) n;o nt\2 2

n=Lu _ gSL,Nak-(Tn’u7 /\,L) W—Lm (13)

AB
x 1 Fy | Lmg 15— i insi
11 ( min -+ 2 > wheregSL-Nak(m u, \, L) is the term inside the curly brack-

The Fi(.;.;.) is a special case of generalized HypergeometfitiS Which depends on parameters u, A and L. Hence

function given in (8) {Dm,SL,Nak approacheﬁ_ in the ordgr of_Lm on average SNR
~. Thus,Lm can be defined as thdversity orderor detection
vFw(ar, az, ..., ay;bi, ba, ...y by ) diversity gain Thus, SL combining inZ path Nakagamin

> (@1)n(@2)n.(ay)n " fading channel has a diversity order bfn and the Nakagami-
= E b (b RRTE (8) m fading (with no-diversity combining) has a diversity order
"0 (01)n(b2)n-+-(bw)r ! of m.

where(.),, denotes the Pochhammer symbg@l), = F(F“(Z)”)

[28]. By expanding F (.; .;.) in (7) using (8) and constructing _ )
the Hypergeometric function of two variables of the formegiv B- Nakagami-m Fading - MGF based method
in (9) [28, pp. 25],P.n.sL.Nak iS derived as in (10).

n m!n!

The application of MGF based method to evaluate miss-
detection probability under Nakagammifading gives an alter-
native analytical expression fa?,, s. nax and can be used
to verify the result (10) derived from the PDF. Moreover, we
|z [<oo,|y|<oco  (9) show that, under certain special cases, the MGF based result
can be used to evaluate the AUC as well.

m=0n=0

The MGF of theG(Lm,~ is
P sinek =(1—8)"" e | @y <Lm, L; 1 ¥7 ;) (10) g(Lm, 3/m)
~sy\ ~Lm 1
Luzl 1 73\ % A3 Mygy nai(5) = (1 + E) ym oz §7Lm €Z. (14)
—Z— = 1Fi| Lmsn+1; —
= nl\2 2

Using (4),?,,L7SL,NLL;€ can be written as
The convergence of the infinite series in (7) is evident from
(10). Although ®(, ;.;.,.) can easily be implemented in & 1 (1— B3 L% d= (15
software packages, the series truncation is necessargridre 8L Nak (1=B)""em x 21j Af (2)d= (15)
in truncating (7) byN terms|Esy| can be upper bounded as N
e2” ; ;
. 2B where f(z) = ROy ru The contour integral in
|Esp| < (1-8)"1F (Lm;N +1h= (15) is evaluated for integer values éfn. We assume that
the function has a pole of ordek > 1 at z = z.
V1Y) A o “ihe oles ina
a N!

(11) We count the residues corresponding to the poles inside the
contour|zg| < 1. The residue of the poles at= z, of order

This bound is derived by using the monotonically decreasir%cgZ 1is given by

property of Fy (Lm;n + 1; % over n for given values of 1 k-1

L,m,\,7 and [25, eq. 8.352-4]. Thifsy| in (11) is used Resfiz0,k) = mm[ﬂd(%m)k} . (16)

zZ=Zz0



Whenu > m, integrand in (15) hag/m poles at3 and L(u—  whereK is the Rice factor. Using (4) with = Lu, the average
m) poles at0. Thus, from residue calculus,, si naqr CaN probability of a miss over SL combining under Rician fading

be calculated as P.. sr ric Can be derived as

Pospna: =1—(1—B)"" e 3 (17) 01 KT

Res 756, Lm) +Resf:0 Lu—m)). Py s = 1- [ D o (rcsn) (21)
When v < m, poles at0 disappear. ThusP,, sr. nai: IS (22 132)
Rk . . U 1 e\z—6, T2
obtained by evaluating residues @tonly. X —— dz
. . . 2711 0. (1 L(u—1)
Note thatf(z) and consequently the residues in (17) consist mjJa(z=0)F(1-2)2

of exponential and rational functions only. Therefore,ikenl

(10) which involves special functions such a8 (.;.;.), the Wwheref, = m anda, = KL0.(1 - 0,). It is easy to
P,sp.vae In (17) yields a simpler expression of rationalyerify that the special case of Rayleigh fading, i.e., (21hw
and exponentials only. As an illustrative example, detectdd = 0 reduces to (15) withn = 1. Applying Laurent series
performance under Rayleigh fading channel witk= 1 can expansion to the term% when K # 0 and integrating

be shown to have simple expression, i.e., wher 1,m = terms by Residue theorenf,, s, zic Whenu > 1 can be
1,u = 1, the average probability of a mis®{, ra,,1) can be derived as
written as
— N — 1 L
Pm,Ray,l —1—e 20 =1 — (Pf,l) 47, (]_8) Fm So mie=1— [Qr(l + K)} 67(%+KL(9T) (22)
SL, — 5

whereP;, = e~ > denotes theP; whenu = 1 (please see Lia—1)-1 A,
(5)). Asu = 1 corresponds to the benchmark performancz d e
of the detector [17], [19], the relationship given in (18)= n! | (L(u — 1) = DHdzLu=D=1 (2 = 0,)"TL(1 — 2)
fully characterizes the optimum detector performance unde 1 qn+L—1 e
Rayleigh fading. + .

The AUC represents the probability that the detector decide (n+ L —1)ldenttt (ZL(lu_l)(l - Z>> ]
on the correct decision more likely than the incorrect denis
[16]. The AUC provides a single figure of merit of detectiowhenu = 1, the poles ab disappear and therefor®,,, 1. ric
capability which allows us to compare the performances o&n be obtained by setting the value of the first derivative in
different detection mechanisms. However, if the ROC curvg82) to0. The special case of Rician fading (without diversity
of two detectors cross each other, the AUC values themselegsnbining) can be obtained by settidg = 1 in (22). For
might fail to provide a fair comparison. In such cases, th&€€RQgiven L, u values,P,, sr. ric in (22) is a function of rationals
analysis or alternatively the partial-AUC (i.e. the aredhivi and exponentials only. It appears difficult to derive theoerr
two false alarm thresholds < P; < P} < 1) is necessary. result in truncating the infinite series in (22). Using theizke
We refer the reader to [16] and references therein for maresult in (22), the diversity order of the Rician fading chah
details. As the partial-AUC measure appears intractable with SL combining will be discussed in Section VI.
closed-form analysis, in [16], numerical techniques are- pr
posed. To elaborate the evaluation of partial-AUC in clesed
form., in the following, we utilize the MGF method result IV. DETECTION WITH SQUARE-L AW SELECTION (SLS)
obtained above. COMBINING

Mathematically, the partial-AUC for the two false alarm
thresholdso < P; < P} < 1 is defined asA(y) =

The SLS diversity combiner picks up the branch with
fpl Py(7)dPy where Py(7) = 1 — P,, and the total-AUC the highest value in decision variable, i.eYsrs =

is glven by the limitsP; = 0 and Pf = 1. Thus, from (18), maximum(Y1,Y>,...,Yz), whereL is the number of branches
the partial-AUC over Raylelgh fadln@Ray can be easily be in the combiner. Note this combiner does not require CSI and
obtained as . hence is a potential solution for application scenariosutised
Afray = ~ [(p]g)f _ (p]})é} (19) in Section Ill.
£ When the branch statistics are independent, the false-alarm
where¢ = fi—z Hence, the total-AUC i%. probability for the SLS combineP 515 can be expressed as
C. Rician Fading - MGF based method -
For the performance with the SL combiner in Rician fading Pysps = Pr{Ysps > A|Ho} (23)
channels, we find that the PDF based method intractable. L
Therefore, we try the MGF method. The MGF of the output =1- ][] Pr{Y; < AlHo}
SNR of a SL combined. i.i.d. Rician branches is given by J=1
— \L
VIR I R S KL7s =1-(1-Py)
el T (TEK + 59) T+ EK+s7))
20) whereP; is given in (5) withg = 1.



A. Nakagamim and Rician fading - PDF and MGF based TABLE |
methOdS MINIMUM NUMBER OF TERMS REQUIRED TO EVALUATE THE INFINITE
. SERIES EXPRESSIONS TO A FIVE FIGURE ACCURACQ(N)
The average miss probability of SLS combinifty, g1

over independent fading branches is derived as u 1 5 1 1 1 1
=00 yr=oo L Pse 0.01 | 0.01 | 0.01 | 0.01 | 0.0001 | 0.01
P, sLs = / / H {1 - Qu (\/T%, \5)} |Esr| | SNR@B)| 10 | 10 | 20 | 10 10 10
Jm1=0 Je=0i—1 L 2 2 2 2 2 4
Jri (Vi) dvi m 1 1 1 4 1
- -

_ H {1 _/ Ou (\/27“ \5\) i (%)d%} N 17 35 12 13 25 18

i1 0 u 1 5 1 1 1 1
L P;ss 0.01 | 0.01 | 0.01 | 0.01 | 0.0001 | 0.01

= Hjn,,i, |Ess,r,| | SNR@B) | 10 10 20 10 10 10

i=1 m 1 1 1 4 1 1

where~; is the instantaneous SNR in tii#® indexed branch, ~7(dB) 5 5 5 5 5 10
fvi (i) is the PDF of~; and P,,; denotes the average N 14 | 25 10 10 21 14
probability of a miss of thei® independent path andl ¢ SNR(@B)| 5 5 10 10 15 15
{1,2,..., L}. Hence, the miss probability with SLS combiny Ess.1, |[m T 1 i 1 i i
ing over Nakagamin fading (P, sr.s,nar) @nd Rician fading N 11 o1 | 120 | 54 369 155

(Pm,srs,ric) Can be obtained by (24) after substituting the

miss probability over the respective fading channels. R t
purpose, MGF and PDF based methods’ results derived in (10), -
(17) (for Nakagamim fading) and in (22) (for Rician fading) probability is P,,, ss = 1 — (I; + I>) where I, and I, are
with the substitution. = 1 are used. Also note that (24) isdefined by the integral forms as in (26a) and (26b) respégtive
valid for non-identical branch statistics.

At large SNRY values, the average probability of a miss [ Dlm, 555)\ (m\™ 1 (26)
over SLS combining in Nakagami-fading (P, sr.s,nak) CaN L= r 5 I'(m)
be approximated by

A A / ,mele—% Qu(\/2 ,ﬁ)d’y
Py sLS Nak = { [mmeé (‘1’2 <m7 11 - ) (24) ’

m " 1 > m— —
p=(%) o [ T QR A

T

u—1 n L
1 /2?2 A
- Z -] <2> 1Fy <m;n +1; 2) )] }WLm (26b)
n=0

_ SLS,Nak - Lm By means ofQ,(.,.) [27, eq. 4.63], [25, eq. 9.220-2] and [25,
—9 (m, . A, L) 5 (25 oq. 6.643-2] and constructing ts (.. . ., ) given in (8), I
where gSL9Nak(m o )\, L) is the term inside the curly- can be calculated for integen > 1 as

brackets. Thus[. branch SLS combiner has a diversity order

2792

of Lim over Nakagamn channel. The diversity order of the (| L(m, #2%) L3 -
Rician fading channel with SLS combining will be discusselt = | 1~ L'(m) —e 2 (1-5)
in Section VI. \
/\ﬁ A u—1 A n 1 F} (m;n+1;7ﬁ)
V. DETECTION WITH SWITCH-AND-STAY (SS) ®: (m’ Ll 2> - 2—:0 (2) T(n+1) ’
COMBINING "
The dual branch SS combiner, switches to the other brangtere 5 = ;Yfm. Similar to (11), the error result in trun-

if the SNR of the currently connected branch falls belowation of I; by N terms|Egg | can be upper bounded
a predetermined threshold valuer) and stays with that as |Essr,| < {1 — [[(m, =3%)/T'(m)]} |Esp,L—1| where
branch, irrespective of whether the branch SNR is below pFsy, 1—1| is the |[Es,| when L = 1 given by (11). Using
aboveyr. This implementation is simpler than the dual brancthe alternative representation @f,(.,.) in [27, eq. 4.74], [25,
selection combining considered in [14], [19]. Thereforetie eq. 8.352-2] and [25, eq. 3.351-2], for integer > 1, I, is
following, we investigate the diversity benefit offered b S evaluated as

combining over Nakagamn fading.

A. Nakagamim Fading - PDF based method

The PDF of output SNR of the SS combining scheme « T (,H_m"VT) T (n+u, > )
(vss) is given in [27, eq. 9.276], and thus the average miss



The error result in truncating thé, by N terms|Esg 1,| is

upper bounded as 0.9 .' T
N (), 8" oal 83 e
|[Essn| < (1=8)" |1Fy (ms;8) = Y ~—+—|. (27) ~ o1l s, 1=z ]
n—0 n: ‘5 Respective MC simulations
The bound |Ess r,| is derived by using the inequality % l
I'(n,z) < T'(n) and constructing the Hypergeometric functiot 5 05f
of the formFy(.;.;.) which is a special case ofF,(.;.;.) 55 0.4}
with p = 1,¢ = 0 given in (8). At a given instance, the SS f§
detector operates on a single branch. Thus, the average fi g 031
alarm probability is the same as (5), i.€; .55 = F('IE‘%Q). ;5 02l
At high SNR (i.e. limy — o0), we have
lims o0 (m, ™22) = T(m) and thuslimy oo I1 = 0. oLy AN
Furthermore, from (6a) and (26b), we note the obi o oo TR SRR RS0
I, < 1 — Py nak Where P, noi is the probability of =4 -2 0 2 4 6 8 10 12 14 16 18 20

. . . . . . Average SNR (7)
missed-detection over Nakagamichannel without diversity :

reception, i.e., (6) withl. = 1. Hence, Fig. 1. Average miss probability over average SNR,{ vs.7) in Nakagami-

) ¥s) mfading Py =0.1,L =2,m = 2,u = 2,77 = 5dB
Pss~1—1Ir > Po nak (28) 9y m=2,u=29r )

Therefore, at high SNR, we observe that the SS combiner has a
diversity order ofm over the Nakagamia channel. However, One can observe that SL and SLS combining schemes achieve
analyzing its performance over Rician fading channels apgpeapproximately diversity order of for L = 2 andm = 2

intractable. while the SS withL, = 2 and no-combining schemes have
approximately diversity order df, regardless of the value.
VI. NUMERICAL AND SIMULATION RESULTS These results clearly agree with our analytical findingsrévo

over, observe that for given set of parameters SL combining
d% hieves the highest performance. Note that lower value of
g| es better performance [17], [19] and for both SL and SLS
combining schemes, the SNR gap betwees 1 andu = 5

is approximately remain constant at arou@ddB. On the
other hand, for SS combining with = 2 and no-combining

Derived analytical expressions (average probability of
miss, average probability of a false alarm and error boun
can easily and directly be evaluated in software packages s
as Mathematica. The minimum number of termé) fequired
to calculate the error bound®s; |, |Ess,r,| and|Ess.r,| to
an accuracy ofi0=° is given in Table I. From Table I, one hemes shovs.1dB and 2.3dB SNR gap betweem — 1
can observe that reasonably low number of terms evaluates

average miss probability @... to a hiah accuracy. The results du = 5 curves. Furthermore, from our analytical results in
9 P Y 0fm 9 Y. iections Il and IV for Rician fading channels, one can study

(Ig/]ltotr:lcz-gﬂeﬁl'; ?:A%)Pgizglqaettizagsa?;e r:g\r/r;deerzlga:g 53:#;’61{(:]2 e diversity benefits without performing time-consumin@M
. o P Simulations. Fig. 3 plot¢’,, overy for Py = 0.1 and different
theoretical derivations.

How do the low-complexity combining schemes exploit thvalues ofu and K. The results are similar to that observed
_nowdc W piexi y? Ining xploit thg, Nakagamim fading and SL combining achieves better
diversity in energy detection? What are the performances oirformance. As evidenced by Figs. 1, 2 and 3, clearly the

the SI.‘ and SLS combmmg' schemes which have the sar% combining exploits the multipath diversity in the absenc
diversity order? These questions are answered in the fioitpw of CSI, achieving remarkable performance improvements.

discussion. f'g' 1 pIOt.S the average miss-detection p'“"‘y?‘F’ To illustrate the diversity gain achieved by SL combining
(i) over 7 for a fixed average false-alarm IOrObabIIItyover different number of faded energy measurements, i.e
Py = 0.1 andu = 2. The detector without diversity combining 9y T

requires an average SNR dfl.02dB to reach the target varying L, the ROC curves over the Nakagamiand Rician

sensing performance specified in cognitive radio stand fra ing channels are plotted in Figs. 4 and 5 respectively.
g p P g ithin the P; interval (0.01,0.1), the corresponding”,,

|IEEE 802.22, i.e., P,,, = P; = 0.1 [3]. The SL, SLS and SS . "4 A

o _ values are, respectively, arourd®—> and 10~* in Figs. 4
combining schemes reach the target performance, resplgcuvand 5 forl, — 4. In a practical setup where multiple faded
at SNRs7.57dB, 7.97dB and9.40dB. Therefore, the SL, SLS ener mea;urémentspare availabIeF-) for combinirf) (through
and SS combining schemes respectively sBol&dB, 3.05dB gy 9 9

. ) .multi-path fading or multiple user measurements reported t
and 1.62dB performance gains compared to the no—dlversll-{énL b 9 b porte

fading channel. More importantly, non-coherent SL and S fusion (.:e.nterl), such significant gains are ach|ev_ablejmro
. combining in the absence of CSI at the combiner.
demonstrate more th&3uB gains.

Our analysis in Sections Ill, IV and V reveals that the
diversity orders of ED over Nakagami-fading channel for VIl. CONCLUSION
SL, SLS and SS combining schemes are respectively Lm We comprehensively characterize the performance of energy
andm (see (12), (24) and (28)). To verify this analysis, Fig. Betection in Nakagamin and Rician fading channels for
plots the P,,, over ¥ for P; = 0.1 and different values ofi. ~square-law (SL), square-law selection (SLS) and switah-an
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Fig. 3. Average probability of a miss over average SNR,(vs. ) in Rician

fading Py = 0.1,L = 2, K = {1,5},u = {1,5})
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Fig. 4. Complementary ROC curve®§, vs. P) in Nakagamim fading
(3 =10dB,L = 1,2,3,4,m = 2,u = 1)
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Fig. 5. Complementary ROC curve®{, vs. P) in Rician fading § =
10dB, L = 1,2,3,4, K = 7,u = 1)

stay (SS) combining schemes. In particular, their exacsmigy] aA. Rabbachin, T. Quek, P. Pinto, I. Oppermann, and M. Wid\WB

and false-alarm probabilities are derived. No diversityepe
tion is a special case of the derived results. The derivatio
are based on the moment generating function (MGF) an

probability density function (PDF). Using the PDF method,

the non-coherent SL and SLS combining schemes are showth
to achieve a diversity order of.m in Nakagamim fading

(5]

channels, while the SS combiner is shown to gain a diversity

order of m. The MGF based method can solve several cas
analytically intractable from the PDF based method incigdi

B

the Rician fading case. The analysis helps to understand

and quantify the energy detector performance improvements

achievable using the low-complexity diversity schemes.
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