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Abstract—This paper presents the system level performance  EXxisting literature on cooperative spectrum sensing doés n
evaluation for energy-detection based cooperative speetm sens- consider the dynamic nature of both the observation andrusi
ing in cognitive radio networks. Three performance criteria are channels when evaluating system level performance. In this

quantitively analyzed for cooperative spectrum sensing. iFst, the til babili f tri
average error probability is determined given fixed amplifie paper, we utilize error probability as a performance metric

gains for a fixed number of secondary users by considering @nd consider energy-based cooperative spectrum sensing wi
all possible channel realizations. Second, the asymptotierror —amplify and forward (AF) relaying over parallel access éusi
probability is computed in a power constrained cognitive ralio  channels. For this system model, we address following ques-

network when the number of secondary user approaches infit  tjong that arise due to the dynamic nature of the observation
Third, the outage probability is examined when instantaneas er- . .
and fusion channels:

ror probability is greater than a predefined threshold. In all three
calculations, both additive white Gaussian noise (AWGN) ad 1) Given fixed amplifier gains for a fixed number of
Rayleigh fading assumptions are used to capture the obsertian secondary users and considering all possible channel

and fusion channels. Numerical results indicate that in orer to realizations, what is the long term average detection
maintain a desired detection performance in low and moderat

fusion signal to noise ratio (SNR) regimes, fusion channelseed performance for cooperative spectrum sensing? _

to be as reliable as possible, while local received SNRs cae b 2) Given a fixed global transmission power level, what is
dynamic and provide spatial diversity. Moreover, it is show that the asymptotic error probability when the number of
under AWGN observation channels and Rayleigh fading fusion secondary users approaches infinity?

channels, a diversity order equal to the number of secondary 3)

users can be achieved. In the latter case, what is the outage probability when

the instantaneous error probability is greater than a pre-

. INTRODUCTION defined threshold? Can we achieve a full diversity when
N . ) ) observation channels or/and fusion channels experience
Cognitive radio [1] is a key technology to exploit under- fading?

utilized spectrum and enhance spectrum efficiency. In cog-

nitive radio networks, secondaryrflicensedl users monitor ... . .
o o -~ titively analyze the detection performance for coopegativ
local communication conditions and opportunistically egx L " . i
unoccupied spectrum when/where the primdigeised user spectrum sensing in cognitive .radlo netvyorks. !n particula
we consider both additive white Gaussian noise (AWGN)

is inactive. To enable this dynamic spectrum access, S%(é'd Rayleigh fading observation and fusion channels. We

ondary users must continuously monitor local spectrum AEmonstrate that in order to maintain desired detection per

detect spectrum holes [1]. This technique, callgzbctrum . : . )
; . . . formance in the low and moderate fusion signal to noise
sensing requires secondary users reliably detect the signals. . : :
. : . ) ratio (SNR) regimes, fusion channels need to be as reliable
from primary users in order to avoid harmful interference, : . .
. . as possible, while received SNRs at secondary users can be
However, due to the detrimental nature of the wireless celann ) . T .
%mamlc and provide spatial diversity. Furthermore, wewsho

a secondary user may not be able to reI_|any dnfferent_|at at under AWGN observation channels and Rayleigh fading
between a spectrum hole and a weak primary signal if It . . )
. . . fusion channels, a diversity order equal to the number of

conducts spectrum sensing on its own. To improve detectign .

e ! : . Secondary users can be achieved.
reliability, multiple users can engage in cooperative spac
sensing and take advantage of spatial diversity [2]. Il. SYSTEM MODEL

In [2], cooperative spectrum sensing was studied when a .
weighted combination of the received signals is utilized foA' Local Energy Stat.IStIC _ _
global fusion. In [3], the performance of energy-detector- For secondary uset (1 <i < N), the hypothesis test for
based spectrum sensing was evaluated in fading and shagloit¢ energy of the received signal in a given spectrum band is
environments using the “OR” fusion rule. In [4], the concept Ho: zi=(1/ki) S0 [na(k)|?
of estimation outage and diversity was used to evaluate the { H - xl _ (1//<;Z») k=1 |El-s(k) (k)P 1)
performance of distributed estimation using the best linea e k=1 T ! ’
unbiased estimator; the results showed that a diversitgroravhere x; is the number of samples(k) is the transmitted

equal to the number of sensor nodes can be achieved.  signal from the primary user and (k) is the noise received by

In this paper, we intend to address these issues and quan-



secondary user. We assume(k) is complex PSK modulated C. Optimal Fusion Rule

and independent ar;d igentically distributed (i.i.d.) witlean Under hypothesig{, and?,, the received signay has a
zero and variancer:; h; is the channel gain between theGaussian distribution. i.e..

primary user and secondary userand is assumed to be
constant during the cooperative spectrum sensing periudi; a Ho: y~N(HloZ, %) 5
n;(k) is i.i.d. circularly symmetric complex Gaussian random { Hi: y~NHQ1+7v)02, 1), )
variable with mean zero and varianeg and is independent

of s(k). We define the local received SNR at the secondawherel = [1,1,--- 1]T, 3y = HH'o} /x; + ojl and X%, =

useri asvy; = o2|hy|?/o2. H(I +20)H oy, /k; + 071, here,I' = diag{1,72, -+, }
When «; is large, z; can be approximated as Gaussian Without loss of generality, we assume that= m = 0.5.
random variable [2][5], i.e., Then, optimal likelihood ratio test (LRT) is given as:
Ho: xi ~N(02, ot /k;) p(y|H1) M
ny “n 2 1 —Z 2 > 0. 6
U 2@ oy, @ 5 p(ulFio) 7 ©

In this paper, we assume the local received SNRs known Sincery; < 1 andr; > 1, then,;/x; ~ 0 and we have

at the secondary user For instance, in IEEE 802.22, this ; -
) Ot ~el ~ ¥;. Thus, the optimal LRT can be approximated as
value could be obtained through estimation of pilot 5|gnan:0 ! P PP

periodically transmitted from TV stations [6]. T(y) = (Hy) 5y 7%1 i Ko
= 0 ,
H

B. Amplify and Forward Transmission Strategy 0

During the cooperation period, each secondary user tramgierer = (Hv)'S; H(1 + 0.5v)c2. After some steps, the
mits its local energy statistic to the fusion center using Aérror probability conditioned on the local received SNiRs
on parallel access channels (PAC). The received signakat #nd the fusion channel gaitsis given by

fusion center is shown in Fig. 1, i.e.,
Pelyn = m0Pfly p + TPy n

o2 f1 1/2
whereg; is the amplifier gain for the secondary usen; is @ (7 [(Hv) o Hﬂ )
channel gain between secondary usesnd and the fusion 1
center andv; is i.i.d. Gaussian noise, i.en; ~ N(0,02) =Q (5
and is independent of;. We assume thab; is known at
the fusion center (e.g., via channel estimation) and resnaithereQ(z) is the complementary distribution function of the

Yi = gihiTi + v4, 3

o). ®)

constant during the sensing period. standard Gaussian, i.€)(z) = = [, exp(~t*/2)dt; and
We can then rewrite (3) in a matrix form as
21iv2 hil?
y=Hx + v, 4) Z 21 i1l

=1 gllh |2+[€O’2’
whereH = diag{g1 1, g2ha, - , gnhNT-
wheres? = o2 /0.

Observation Secondary X Fusion

Channel User1 Channel

D. Channel Scenarios

Primary
User

Observation Secondary | Y2 Fusion
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In this paper, we consider three channel scenarios when
evaluating the system level performance of cooperative-spe
trum sensing, as shown in Table I. In particular, for AWGN
channels, we assumg = 5 andh; = 1, Vi. For Rayleigh

Fusion
Center

Observation Secondary Fusion

Channel feert Channel fading channels, we see that the local received SNRand
, _ o o _ fusion channel gaing;|? follow an exponential distribution.
Fig. 1. Cooperative spectrum sensing in cognitive radiovagks. Here we assume that and |h-|2 are i.i.d. with mears and
Given this system model, we see that ' at i A.d. y

1, respectively, i.e.p.,(z) = %exp(—%) and pj,2(z) =
d(,f
&= EB{al} = [1+ 1/ +m (v +2(1+ 1/k:)) 7] oy, exp(—z), wherey = 02 /02.

wherer, = P(Hy) andm; = P(H,) are the probabilities that TABLE |
spectrum is idle and occupied, respectively. THREE SCENARIOS FORPERFORMANCEEVALUATION
In the cognitive radio networks, the received primary user : :
Observation channels Fusion channels
power measured by the secondary user can be very small [7], Case | AWGN Rayleigh fading
i.e.,7; < 1. Additionally, the number of samples can be large, Case Il Rayleigh fading AWGN
i.e.,x; > 1. Then, we can approximate the transmitted power Case lll | Rayleigh fading | Rayleigh fading

for the secondary useérasP; = &;g? ~ g2(1 + 2m17v;)os



I1l. AVERAGE ERRORPROBABILITY B. Upper Bound for Average Error Probability

In this section, we first analyze the long term average error 10 gain more insight on the performance of cooperative
probability for our system model. We then derive an upp&P€Ctrum sensing, we investigate here an upper bound for
bound that provides more insight and enables performarf¥erage error probability. Sino@(xz) < 3 exp(—2?/2), the
evaluation. We assume in this section that the amplifierggaiiPPer bound can be obtained as

and the number of samples collected at each secondary user 1N
are fixed and not adjusted according to the observation @hann Peavg = 3 H M, (12)
gains. i=1

- where
A. Exact Average Error Probability o oo
From (8), we see that the long term average error probability ~ Mi = /0 /0 exp[Ai(s, )]y, (5)pin 2 ()dsdt.

can be calculated as o ) .
Similarly, we assume; = g, x; = s, v; and|h;|* are i.i.d.,

Peavg = Eyh {Pejyn} - (9) respectively. Then, we hawt; = M, Vi, and
. . . - = 1
To simplify the calculation of the average error probailit Pe.avg = 5/\/1”. (23)
we consider the following alternate expression for the Q R
function [8] It is worth mentioning that whep — 0, we haveP, ayg —
%. This is not surprising since when the amplifier gains are low
12 a? he fusi ill be abl k lobal decisi
Qz) = — exp(_ ) 6, x>0 the fusion center will not be able to make a global decision
7 Jo 2sin? ¢ ' - due to the lack of local energy statistic.

When the local received SNRs; and fusion channel C. Closed-Form Expressions for Three Scenarios
gains|h;|? are independent, respectively, we can simplify the To simplify our analysis, in this section we assumie=

average error probability in (9) as g, ki = Kk, Yi. Then, we can use (11) and (13) to evaluate the
| /2N average error probability for cooperative spectrum senfin
Poavg = — H&(@d(b, (10) the three channel scenarios in Table I.
TJo 4 1) Case I In this case;; = 5 andpjp,2(t) = exp(—t).
where After some manipulations, we have
~2 =2 ~2
o oo Ai(s.t Blé) — Ky )\Ij(li’}/ ’HUU)’
Bi(¢) :/0 /0 exp( 311(12 qs))p'Yi(S)plhilz(t)det 2 exp( 8sin? ¢ ! 8sin? ¢’ g2
and whereW (a,b) = [;*exp (— =+ ;2 )dz, (a,b > 0). After
1 g?ris?t calculatingB(¢), we plug it in (11) to obtain the average error
Ai(s,t) = e W probability. It is interesting to note that a similar defioit of
9i v U, (¢,a,b) can be found in [9].
Here, p,,(s) and py,,2(t) are PDFs ofy; and |hi|2, re- Furthermore, the upper bound is given as
spectively. If we further assume thagt = ¢, ;i = K, v 3 1 N~ 2 59 .9 N
and |h;|*> are i.i.d., respectively, i.ep,,(s) = pv(.s) and P;l;vg: 5 & (— ? ) [ 1(%, m;)}
Pinsj2(t) = piup2 (), we haveB;(¢) = B(¢), Vi. In this case, g

the average error probability in (9) reduces to Nky2

When g — oo, we see thaﬁsg\,g(goo) = Lexp (— -
1 [7/2 N This indicates that when the fusion channel is perfect,ayer
Peag = — / [B(¢)]"™ do. (11) error performance is limited by local observed energy stati
0 2) Case II: In this casep,, (s) =  exp(—2) andh; = 1.
Based on this, we see that R is a decreasing function of After some manipulations (using eq.(3.322.3) in [10]), vaed
N, which indicates that in a power unconstrained cognitase r ] o ]
dio network, global error performance can be improved by in- B(¢) = V8resin g exp (2csin” ¢) Q (2V/esing)
creasing the number of secondary users. This statemenids va 1 (1, & -
becauseA(s. ) < 0 andB(¢) < fooo f()oo D (5)pn s ()t = Wherec = = (E + 9—2). Furthermore, the upper bound is
L. ~(2) 1 N/2 N
In general, we see that closed-form expression of.§ Peavg = 5(8”0) exp (2Ne) [Q (2ve) |
is extremely difficult to obtain. However, as we will sho h 9
: } eng — oo, we see that — 1/(x5*) and
next, only elementary functions, such as exponential and
functions, are involved in integral calculation, thus therage p) (goo) = L ( 87 )N/2 exp (ﬂ) [Q ( 2 )} N
error probability can be readily solved numerically. ,avgLIee wWr)]

-2

K2

K2



3) Case lll: In this case,p,,(s) = %exp(—%) and wheresnR is the global fusion SNR, i.eSNR = Piot/02.

Pin 2 (t) = exp(—t). After some manipulations, we have Due to space limitations, we omit the proof and refer
2sin’ ¢ sin? ¢ &2sin? ¢ the reader to [11]. According to Theorem IV.1, we see that
B(¢) = mexl@( 12 )%( K2 ’W)’ in a power constrained cognitive radio network, when the
number of secondary users approaches infinity, the asyimptot
error probability is bounded away from zero. In particular,
_/OO by1/2 _ 20 P.(No) = Q(rv/SNR), wherev is a constant. This is similar
Vs (a,b) = (a—|— ) exp( x+ ) e\Noo =~ - ] ;
0 z x to the error probability of detection of BPSK signal in AWGN
' Q(2(a + Q)I/Q)dz, (a,b > 0). channels. When the gllobal fusion SNR_ approaches infinity, we
x see that the asymptotic error probability(R..) — 0.
Furthermore, the upper bound is Furthermore, from Theorem IV.1, we see that when the
5 4N number of secondary users is large, the error probabiligsdo
|5(32W = l(gﬁ)N/Q exp <ﬁ) [\I,Q(L7 v )] ) not continue to decrease and converges to a non-zero value.
e 2 Ky kY2 9272 Thus, we may question if there is any advantage when more
secondary users cooperate in power constrained cognitive
radio networks? The answer is yes. Similar to the analysis in
[4], we introduce the concept of detection outage in the next
subsection and illustrate the benefits of increasing thebeum
IV. OUTAGE ANALYSIS IN POWER CONSTRAINED of secondary users.
COGNITIVE RADIO NETWORKS As in Section lll, we now consider the three scenarios
In this section, we investigate the global detection perfol? Table | for evaluating the asymptotic error probability i
mance in power constrained cognitive radio networks. $ped?OWer constr_alned cognmve_ _rad|o networks. Let us d_enote
ically, under the assumption of equal transmission power aWie) asymptotic error probability for these three scenaa®s
equal number of samples, we present asymptotic error préb- (N); @ = 1,2, 3, respectively.
ability for cooperative spectrum sensing when the number of1) Case I:In this case, we have
secondary users approaches infinity. Additionally, we yareal ~ [ SNR
the detection outage when the instantaneous error pratyabil Pgl)(Noo) =Q <1\/ —> :
: ' 2V 145y
is greater than a certain threshold.

where

When g — oo, we see thaﬁfgvg(goo) = ﬁfgvg(goo). This is
primarily due to the fact that whepn— oo, the fusion channel

no longer impacts the average error performance.

2) Case Il and llI: Using eq. (3.353.5) in [10], we can
A. Asymptotic Error Probability show that

In a power constrained cognitive radio network, the trans- ., N _ PN
mitted power of the secondary users satisfies a global powe|P*e (Noo) = Pe¥(Noo)

constraint, i.e.,1"P < Py Without loss of generality, we ) (\/SN_R [Wg 5 el/WEi(—l/ﬁ)} )

assume an equal transmission power schemep;ex, Piot/N 45 ’

and equal number of sampleg, = «. Then, we have where E{z) is the exponential integral function [12], i.e.,
g2 = Prot Pot Ei(z) = — [7 e7/tdt, 2 <0.

TN&G N(L4 )0t Given the asymptotic error probability for these three sce-

Here we are interested in evaluating the asymptotic erfdf"0S, we note that
probability when the number of secondary users approachesnma Iv.2. P{V(N..) > P2 (N ) = PP (N ).

infinity. Let us define the asymptotic error probability as o ) _
Due to space limitations, we omit the proof. For detailed

Pe(Noo) < lim Pelv,h- proof, please refer to [11]. From Lemma IV.2, we see that
N case Il and Ill have lower asymptotic error probability than
case |. However, asymptotic error probability might not be a
Theorem IV.1. Consider cooperative spectrum sensing i§00d performance metric in practice. We next discuss more
power constrained cognitive radio networks where the locf#asible outage probability to compare these three sasari
received SNRsy; and fusion channel gaingh;|? are i.i.d. for cooperative spectrum sensing.

random variables, respectively. Let us define

Then we have the following theorem.

B. Detection Outage Analysis

2| .12 . .
G = M Let us define the outage event as the instantaneous error
L+ i probability is greater than a predefined threshildi.e,

WhenE {¢;} andE {|k;|*} are finite, then . _
{C } {| | } th Pout d:f P(P6|'Y,h Z Pe)'

1
P.(Noo) = Q (5\/ SNRE {Cz'}) : (14) Based on this definition, we note that



Theorem 1V.3. Consider the cooperative spectrum sensing e can further eliminate the high order efand approximate
power constrained cognitive radio networks where the locéthe solution asr* =~ ¢/(252). Plugging this into (15) and
received SNRsgy; and fusion channel gaing;|? are i.i.d. noting thatlog(l — z) ~ —z for 2 < 1, after some
random variables, respectively. Wh&n(¢;} is finite, with a manipulations, we have

sufficiently largeN and P, > P.(N..), the outage probability

is a 8 202 1 202 _
RC(E)'&"? ——_2——510g_2 +C,

Pout ~ exp(=NR¢(€))  or  —log Pyys ~ NR¢(e), 7V mSNR - YTSNR T7SNR
wheree = 4a2/SNR with & = Q' (P,), and R (e) is the rate Wherec is a constant. Then, in the high global fusion SNR
function of¢;, i.e., regime, we haveéR,(e) ~ %1ogSNR, which implies

Re¢(€) = sup{fe — A(0)}, N
(€)= sup{ ©)} ~log Pout ~ 5 - SNR(dB).

here A\(#) = logE {exp(6z)} is the cumulant generating
function. Hence, we see that under fading observation channels and

o . . AWGN fusion channels, only a diversity order equal tg2N
Due to space limitations, we omit the proof. For detailed, o approximately achieved

proof, please refer to [L1]. Now, we provide the outage 3) Case lll: In this case, we see that closed-form expres-

analysis for cooperative spectrum sensing assuming tlee thr. . . r
Y OOpere P g g sion for the rate of function of; is extremely difficult to
channel conditions in Table I.

1 Case 10y s e have =11+ LS. Howewer e e siulten et i Secion V 1
us define¢! = |h;|*> ande’ = (1 + 4)e/52. Similar to the y '

analysis in [4], we have V. SIMULATION RESULTS
4(1+7)a? 4(1+7)a?
A . . .
Re(€) = ZSNR log T3%SNR L. In this section, we present the numerical results for system

level performance evaluation of cooperative spectrumisgns

Furthermore, we ?re_2|nt_e2rested in high global fusion SN§,¢ gimylation parameters are described as follews: 100,
regime, therd(1 + 5)a*/(7°SNR) < 1, and 02 — 02 — 1 andy — —8dB.
Rei(€') ~ log SNR,
According to Theorem V.3, this implies A. Average Error Probability
—1ogP,us ~ N - SNR(dB). In Fig. 2, we plot the average error probability versus the

i (equal) amplifier gain for all three channel scenarios from

Hence, we see that under AWGN observation channels apghe | \we see that in the low and moderate fusion SNR
Rayleigh fading fusion channels, a diversity order equalto \o4imes; case Il (Rayleigh fading observation channels and
can be achieved. . 9 . AWGN fusion channels) provides the lowest average error
2) Case II: In this case, we hav% = 7i/(1 + ). Since probability among all three scenarios. Thus, to maintain a
7 < 1, we can approximate; ~ ;' Then, the PDF of;  egjred detection performance, the fusion channels need to
can be obtained as be as reliable as possible, while the local received SNRs

pelx) = 1 exp (_@) can be dynamic and be used to exploit spatial diversity.
¢ 29z 0l However, in the high SNR regime, we observe that case
Let us defined = —1/(43%9), (@ < 0), then cu- I (AWGN observation channels and Rayleigh fading fusion

mulant generating function can be obtained &%) = channels) has the best performance. This is because in the

2V/mB exp(5)Q (m) . After some manipulations, we have Nigh global SNR regime, fusion channel gain does not impact
. error probability and reliable observation channels ameded

Rel(e) = Ve x* —log [2\/wx*Q(\/2x* )} , (15) to improve detection performance.
Yer
wherex* is the positive solution of the equatigiiz) = /72

with B. Asymptotic Error Probability in Power Constrained Cog-

223/2 exp(—1) nitive Radio Networks

VTQ (V2z) Fig. 3 plots the error probability versus global fusion SNR
Whensnr > 1, ¢ < 1, then we can expect a sufficientlyfor all three scenarios in power constrained cognitive aadi
small value ofz*. Using the fact thaexp(—z) ~ 1 — =, networl_<§ when N= 1,10 and N— oo. As expected, the error
Q) ~ % 1 and% ~ 14z forz < 1, g(x) can be probablhty decreases Whe_n the_ number of secondary users
approximateﬁs o increases due to cooperation diversity. As expected, we see

that case Il and Ill have lower asymptotic error probability
g(x) ~ 2a® + %xm +(4-2)2% - f—x3/2 + 2. than case | as stated in Lemma IV.2.

K

g(x) = 4a® + 22 —
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In the simulation, we average results ou@® channel realizations.

VI. CONCLUSIONS

In this paper, we have investigated the system level per-
formance evaluation for cooperative spectrum sensing ¢e co
nitive radio networks. In particular, we quantitively aywes

[( N=1
- ——
10"
2
=
S 107
o
s
8
T 10°
ke
g [1]
Q.
£ —+— Case |
7 10 —o—Casell [2]
© —p—cCaselll
[
a8
107k [3]
10° | | [4]
20 25 30 35
SNR: global signal to noise ratio (dB)
Fig. 3. Asymptotic error probability in power constrainedgaitive radio (5]

networks. In the simulation, we average results oM channel realizations
for N = 1 and 10, and use closed-form expressions in Section IV-A for
N — oo. (6]

[7]
C. Outage Analysis in Power Constrained Cognitive Radio
Networks 8]

Fig. 4 compares the detection outage probability for théo]
three channel scenarios in power constrained cognitivio rad
networks. In our simulation, we choo$e = 0.05, which [10]
corresponds t6% false alarm probability an85% detection
probability. From the plots, we see that in case I, a diversit!!!
order equal to N can be achieved, while in case Il and I, a
diversity order equal to )2 can be approximately achieved.
Similar to the average error probability, we also obsena th12]
in the moderate global fusion SNR regime, case Il performs
the best among three scenarios, while in the high globabfusi
SNR regime, case | has the best performance.

three performance criteria for cooperative spectrum sgnsi
average error probability, asymptotic error probabilityda
outage probability in three channel scenarios.
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