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Abstract— Detection performance of an energy detector used performance of an energy detector has been studied in some
for cooperative spectrum sensing in a cognitive radio network research efforts [9]_[14] It performs poor]y in low SNRs,

is investigated over channels with both multipath fading and 5nq the estimation error due to noise may degrade detection
shadowing. The analysis focuses on two fusion strategies: data L
performance significantly [15].

fusion and decision fusion. Under data fusion, upper bounds for AL - .
average detection probabilities are derived for four scenarios: 1~ When energy detection is utilized for cooperative spectrum
single cognitive relay; 2) multiple cognitive relays; 3) multiple sensing, secondary users report to a fusion center thesirgen

cognitive relays with direct link; and 4) multi-hop cognitive  results, in either of the following methods.
relays. Under decision fusion, the exact detection and false Data fusion: Each cognitive user simply amplifies the

alarm probabilities are derived under the generalized ‘k-out- ived si | th . d f ds to th
of-n” fusion rule at the fusion center with consideration of 'ECEIVEQ Signal Trom the primary user and forwards 1o the

errors in the reporting channel due to fading. The results are fusion center [2], [4], [16]. Although secondary users do
extended to a multi-hop network as well. Our analysis is validated not need complex detection process, the reporting channel

by numerical and simulation results. Although this research pandwidth should be at least the same as the bandwidth of
focuses on Rayleigh multipath fading and lognormal shadowing, e sensed channel. At the fusion center, different fusion
the analytical framework can be extended to channels with . . . . -
Nakagami-m multipath fading and lognormal shadowing as well. techniques can be applied, Sljlc,h as maximal ratio combining
(MRC) and square-law combining (SLC) [10]. When MRC
is used, channel state information (CSIl) from the primary
user to secondary users and from each secondary user to
the fusion center is needed. When SLC is used with fixed
I. INTRODUCTION amplification factor at each secondary user, only CSI from
Radio spectrum, an expensive and limited resource, S§condary users to the fusion center is needed. However, if
surprisingly underutilized by licensed usegmitnary usery. Vvariable amplification factor is applied, CSI from the primna
Such spectral under-utilization has motivated cognitizdia User to secondary users and from secondary users to the
technology which has built-in radio environment awarene#gsion center is needed [17]. The framework for two-user and
and spectrum intelligence [1]. Cognitive radio enables opaultiple-user cooperative spectrum sensing with dataofusi
portunistic access to unused licensed bands. For instari@s introduced in [2], [3]. However, an analytical study for
unlicensed userssécondary userr cognitive userk first the detection capability in the cooperative spectrum sensi
sense the activities of primary users and access the spectifs not been addressed.
holes (vhite spacesif no primary activities are detected. Decision fusion: Each secondary user makes a decision
While sensing accuracy is important for avoiding interfeeen (probably a binary decision) on the primary user activityd a
to the primary users, reliable spectrum sensing is not awaifpe individual decisions are reported to the fusion center o
guaranteed, due to the multipath fading, shadowing andehidd reporting channel (which can be with a narrow bandwidth).
terminal problemCooperative spectrum sensihgs thus been Capability of complex signal processing is needed at each
introduced for quick and reliable detection [2]-[5]. secondary user. The fusion rule at the fusion center cabmye
Among spectrum sensing techniques such as the matciédD, or Majority rule, which can be generalized as thedut-
filter detection (coherent detection through maximizatadn Of-n rul¢’. Two main assumptions are made in the literature
the signal-to-noise ratio (SNR)) [6] and the cyclostatigna for simplicity: 1) the reporting channel is error-free [1819];
feature detection (exploitation of the inherent periagiaf and 2) the SNR statistics of the received primary signals are
primary signals) [7], energy detection is the most popul&nown at secondary users [20]. However, these assumptions
method addressed in the literature [8]. Measuring only tt@€e not practical in a real cognitive network. In [21], dei@T
received signal power, the energy detector is a non-coherggrformance has been investigated by considering regortin
detection device with low implementation complexity. Thé&rrors with OR fusion rule under Rayleigh fading channels.
To fill the research gaps in cooperative spectrum sensing
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preliminaries of energy detection and channel modelsi@ect  Since the Residue Theorem [23] in complex analysis is a
Il and IV are devoted to the analysis of cooperative speatrupowerful tool to evaluate line integrals and/or real ingdgrof
sensing with data fusion and decision fusion, respectivefynctions over closed curves, it is applied for the integnal
Section V presents our numerical and simulation resul{®), with details given in Appendix A.
followed by concluding remarks in Section VI.
B. Average Detection Probability with Fading and Shadowing
Il. PRELIMINARIES OF ENERGY DETECTION AND 1) With Small Scale FadingThe Rayleigh channel model
CHANNEL MODELS is one of the common and simple models for multipath fading.

When a primary signalz(t), is transmitted through a For Rayleigh fading, the MGF i1, (s) = 1/(1+7s), where
wireless channel with channel gdinthe received signal at the 7 iS the average SNR. The average detection probabifiy,
receiver,y(t), which follows a binary hypothesig, (signal under Rayleigh fading can be written in the form of exprassio

absent) and+; (signal present), can be given as (5) with
[ w()  H, o(z) = e _
y(t) = { he(t) +w(t) M, ) S T B TS P

where w(t) is the additive white Gaussian noise (AWGN)Jn radiusr € [0, 1), there argu—1) poles at the origin = 0)
which is assumed to be a circularly symmetric complex Gaugnd one pole at = 7/(1+7%). Thus P, under Rayleigh fading
sian random variable with mean zero and one-sided pow&an be derived as
spectral densityVy (i.e., w(t) ~ CN (0, Ny)). PN ) 7)) .

(t) ( ) o { €7£65(g’0) + Res(g, 1+7>) Dou>1 ®)

e 20+ u=1,

A. Energy Detector over AWGN Channels
where Regg;0) and Re$g;7/(1 + 7)) denote the residues
of the functiong(z) at the origin and at = 5/(1 + 7), re-
rT§pect|vely, which are evaluated in Appendix A. An altervati
expression foP; under Rayleigh fading has been obtained in
[10], which is numerically equivalent with (6).

2) With Composite Multipath Fading and Shadowing:
Shadowing effect can be modeled as a lognormal distribution
(for signal amplitude). The SNR of the composite Rayleigh-

) lognormal or Nakagami-lognormal channel model follows a
(2) gamma-lognormal distribution, which does not have a closed
form expression [24]. Therefore, we have accurately approx

o mated the composite Rayleigh-lognormal channel model by a

Pi = Qu(v/2y, V), ®) mixture of gamma distributions as [25]

In energy detection, the received signal is first pre- fittere"
by an ideal bandpass filter which has bandwitith and the
output of this filter is then squared and integrated over & ti
interval T' to produce the test statistic. The test statistic
is compared with a predefined threshold valug8]. The
probabilities of false alarmK;) and detection ;) can be
evaluated a®r(A > A\|Ho) and Pr(A > A\|H1), respectively,
to yield [9]

whereu = WT, v is SNR given asy = E,|h|?/Ny, E

is the power budget at the primary us€},(-,-) is the uth Fon (@ ZO‘ e ST 2 >0, aiy G >0, (7)
order generalized Marcur-function, andl’'(-, -) is the upper

incomplete gamma function. Probability of false alafthcan (VEot;4m) o (VEati )

easily be calculated using (2), because it does not depend¥ifrec: = w\l/e’Z o0 Gi = F3 N is the number
the statistics of the wireless channel. In the sequel, detec of terms in the mixturet; and w; are absmssas and weight
probability is focused. The generalized Marc@nfunction factors for the Gaussian- Laguerre integratioando are the
can be written as a circular contour integral within the cont mean and the standard deviation of the lognormal distobyti
radiusr € [0,1). Therefore, expression (3) can be re-writteféspectively, ang is the unfaded SNR defined as* E,/No.

as [22] The MGF ofyy is M, (s) = ZZ 1 @i /(s + (). Therefore,
e—3 e(Z=Dr+3z the average detection probabilit);, under composite multi-
Py = j2 ]{2 2u(1— 2) dz, (4) path and shadowing can be evaluated in closed-form as
where( is a circular contour of radius € [0, 1). The moment em2 vazl SEva (Res(gi; 0) + Res(gi; ﬁ)) :
generating function (MGF) of received SNRis M, (s) = P, = u>1
E(e™*7), where E(-) means expectation. Thus, the average ZN o~ T 1
detection probabilityP;, is given by i=1 ¢ e L = 7(8)
e 3 where
Fi=5 9l © ot
J4T Jq gz(z) = Z(ufl)(l — Z)(Z — L)’
where . e
1 ez? and residues Reg;;0) and Re$g;;1/1 + ;) are given in
g(z) = My ( B z> zu(l—2z2) Appendix A. Because of possibly severe multipath fading and
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shadowing effects, the decision made by a single secondamgnitors the signal received from the primary user. The
user is not always reliable. In the following, cooperativeeceived signal by the cognitive relay at timelenotedy,,.(¢),
spectrum sensing with data fusion and decision fusion i& given by y,.(t) = 0h,.z(t) + w,(t) where 6§ denotes

investigated, respectively. the primary activity indicator, which is equal to 1 at the
presence of primary activity, or equal to 0 otherwisgt)

[1l. COOPERATIVE SPECTRUM SENSING WITH DATA is the transmitted signal from the primary user with power

FUSION Es, hy,y is the flat fading channel gain between the primary

Without complex signal processing at secondary users eéjéir and relay, and(¢) is the AWGN at the cognitive relay
P gnaip 9 y ' varianceNy . Let G’ be the amplification factor at the

. It
secondary user act_; as a relay node to the fusion Cen\({:éorgnitive relay. Thus, the received signal at the decisiaken
referred to as @ognitive relay This means a secondary user.

simply amplifies the received signal and then, forwards t Iée" the fusion center), denoted(t), is given by

amplified signal to the fusion center. Yrd(t) = Ghrqypr (t) + wa(t)
= Hthrthx(t) + Ghyqw,(t) + wq(t) 9)
A. Cooperative Scheme = Ohx(t) +w(t),

where h,.; is the channel gain between the relay and the
fusion center, andu,(t) is the AWGN at the fusion center.
Further,h = Ghp,hrq andw(t) = Gh,qw,(t) +wq(t) can be
interpreted as the equivalent channel gain between theapyim
user and the fusion center and the effective noise at therfusi
center, respectively.

1) Amplification Factor:In amplify-and-forward (AF) relay
communications, it can be assumed that the relay node has its
own power budgekF,., and the amplification factor is designed
accordingly. First the received signal power is normaljzed
then it is amplified byE,.. The CSI requirement depends on
the AF relaying strategy, in which two types of relays have
been introduced in the literature [17], [26]:

« Non-coherent power coefficient: the relay has knowledge
of the average fading power of the channel between
the primary user and itself, i.eE[|h,.|?], and uses it

p: primary user to constrain its average transmit power. Theref@reis

r;: i-th cognitive relay given as

d: fusion center E
G = s .
NO,T + ESEHh;DTP}

O

ooo
ooo

©

relay link
— — direct link

Fig. 1. lllustration of a multiple-cognitive relay network. . Coherent power coefficient: the relay has knowledge of

the instantaneous CSI of the channel between the primary

We consider a cognitive radio network (Fig. 1), with a user and itself, i.e./i,,, and uses it to constrain its

numbern of cognitive relays (named,, 7z, ..., 7). In the average transmit power. Therefol@,is given as
first phase, all cognitive relays listen to the primary user

signal. Instead of making individual hard decision abowd th E,

presence or absence of the primary user, each cognitive rela G = Noy + Eghp, |

amplifies and forwards the noisy version of its received align
to the fusion center in the second phase. We assume tAatadvantage of the non-coherent power coefficient over the
the communication channels between cognitive relays a@aherent one is in its less overhead, because it does not need
fusion center are orthogonal to each other (e.g., basedran tithe instantaneous CSI, which requires training and channel
division multiple access (TDMA)). In orthogonal channelsgstimation at the relay. In this research, we use the non-
the fusion center receives independent signals from degnitcoherent power coefficient which is also called as fixed-
relays. The fusion center is equipped with an energy datec@®in relay. The amplification facta@ can also be written as
which compares the received signal energy with a pre-definéd = E,/C Ny, whereC' = 1 + EE[|hy,|*]/No,» which is
thresholdA. a constant.

2) Receiver StructureThe same receiver structure as in
reference [9] is uset.The total effective noise in (9) can be
modeled asw|,,~ CN (0, (G?|hqq|>+1)Ny). The received

First we consider a single-cognitive relay network. In thigignal is first filtered by a ideal band-pass filter. The filbarits
case, we have three nodes, i.e., the primary user, the a@gnit

relay, and the fusion center. The cognitive relay contimlyou  *Note that cooperative spectrum sensing is not consideregfénence [9].

B. Single-Cognitive Relay Network
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the average noise power and normalizes the noise variancel) Upper Bound ofP;: The total SNRy of a multiple-
The output of the filter is then squared and integrated oveognitive relay network can be upper boundedgy as~y <
time 7' to form decision statistia. Therefore, the false alarm~y, = >, v, wherey™™ = min(v,,,, ¥r;a), and v,
probability and detection probability can be written as (2nd ~,,q; are the SNRs of the links from the primary user
and (3), respectively, withy = (vpryra)/(C + v-a) Where to cognitive relayr; and from cognitive relay; to the fusion
~pr @andy,q are SNRs of the links from the primary user taenter, respectively. Therefore, for independent chaniGF
the cognitive relay and from the cognitive relay to the fasioof 4y, can be written ag\1,, (s) = [];_; M. min(s) (note that

center, respectively. M. min(s) is available in [27, eq. (20)]), to yield
n — —
r}/pr,- + ,yT;d 1
. " = . - —= 10
C. Multiple Cognitive Relays Mo(5) U1 Fpri Vrid (S+ m.l.+v,.id)’ (10)
= Ypr; Yrid

A muItlpIe-_c_ognltNe relay network is sr_]own in Fig. 1. Wewhere7 - and¥, , are the average SNRs for links from the
have n cognitive relays between the primary user and the Pri i

fusion center, and,,,.., h,q andh,..; denote the channel gainsprimary user to cognitive rel_am and from c_ognitive .relayi
from the prin,1ary Gnsle,r tpo theth gognitive relayr;, from the to the fusion center, respectively. Substituting (10) if&)p an
11

- T o :
primary user to the fusion center, and from thie cognitive upper bound ofy, denotedr,”, can be re-written as (5) with

relay r; to the fusion center, respectively. All cognitive re- e2? " 1A
lays receive primary user’s signal through independenhéad 9(z) = Ze=n (1 — 2) H T A
channels simultaneously. Each cognitive relay (say reldy i=1 ‘
amplifies the received primary signal by an amplificationdac and

G, given asG?, = E,,/C;No,, (where E,, is the power A= Vpri Trid :
budget at relayr;, C; = 1+ EE[|h,,|*]/No.r., and No .., Tpre T Yrid F VpriVrid
is the AWGN power at relay;) and forwards to the fusion Two scenarios need to be considered: 1) When n, there
center over mutually orthogonal channels. areu — n poles at origin anch poles forA;'s (i = 1,..,n)

In [27], we consider MRC at the fusion center with knowrin radiusr € [0,1), and 2) wheru < n, there aren poles at
CSI. Therefore, the CSI of channels in the first hop should;’s (: = 1,..,n) in radiusr € [0, 1). Therefore,P(;Jp can be
be forwarded to the fusion center. On the other hand, C&trived as
may not be available for energy detection (which is non- {

e 2 (Res(g; 0)+>, Res(g; A,)) tu>n

coherent). In contrast to MRC, receiver with SLC (which isP;? = N S
e 2y Res(g; Ai) cu < n,

a non-coherent combiner) does not need instantaneous CSI

of the channels in the first hop, and consequently results (11)

in a low complexity system. CSI of channels in the secorffnere Regg;0) and Regg: A;) denote the residue of the
hop is available at the filters for the noise normalizatiofUnction g(z) at origin andA;, respectively. We refer readers

The numbem of outputs from all the branches in the sLcto Appendix A for the details of the derivation of residue

denoted{y;}_,, are combined to form the decision statisticalculations Reg; -).
Asrc = Z?zlyi. Under AWGN channelsA gz follows a
central chi-square distribution withu degrees of freedom E. Incorporation with the Direct Link
(DoF) and unit variance undek,, and a non-central chi- |, preceding subsections, the fusion center receives only
square distribution wittnu DoF underHln. Further, effective gignals coming from cognitive relays. If the primary user is
SNR after the combiner issc = > ;v Where~; is  ¢jose to the fusion center, the fusion center can howeves hav
the equivalent SNR of théth relay path. The non-centrality 5 sirong direct link from the primary user. The direct signal
parameter undett; is 2ysrc. The _false alarm and detectloncan also be combined at the SLC together with the relayed
probabilities can be calculated using (2) and (3) by replgci signals. Then the total SNR at the fusion center can be writte
u by nu and~y by vszo- asy' =4+ >, v, Wherev, is the SNR of the direct
path. Assuming independent fading channels, the MGFof

) ) ) . can be written as

D. Detection Analysis for a Multiple-Cognitive Relay Netlwo

n

A closed-form solution for the exact average detection prob M. (s) = Mo, (s) H M., (s),
ability P, in (5) seems analytically difficult with the MGF of i=1
which is given in [26, eq. (12)]. However, efficient numeticawhere M., (s) is given by 1/(1 + 7,s) with 7, = E(v4),
algorithms are available to evaluate a circular contowegral. and M., (s) is given in [26, eq. (12)]. As in preceding
We can use MATHEMATICA or MATLAB software packagessubsections, we can find accurate average detection plippabi
that provide adaptive algorithms to recursively partiti'®  using numerical integration. An upper bound is derived i th
integration region. With a high precision level, the nuroaki following. In this caseg(z) in (5) can be written as
method can provide an efficient and accurate solution for . n
(5). In the following, we derive an upper bound of average g(2) = (1-A)e> H 1-Ai (12)
detection probability. (1 =2)(z - A) 12— A
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whereA =7,/(14+7%,). Whenu > n+1, thereareu—n—1 where A and B are specified orders of the numerator and
poles at origin, one pole @ andn poles forA;'s (i = 1,..,n) the denominator of the Pédapproximation,a; and b; are

in radiusr € [0,1). Whenu < n + 1, there are one pole atapproximated coefficients, apg andg; can be obtained based
A andn poles forA;'s (i = 1,..,n) in radiusr € [0,1). on the second equality in (14), as detailed in [29, Sec. JI-C]
Therefore, a tight upper bound of the detection probabilitj80, Sec. IV].

denotede’“p, can be derived in closed-form as Since M, (s) in (14) is a sum of rational functions, an
upper bound of the average detection probability can beemrit
e 2 (Res(g; 0) + Res(g; A) using (5) to yield
PP — +> ,Re g;Ai)) cu>n+1  (13) —m e TN g
d ) 1 5( P;P == Z T+ ]{ 9i(2)dz, (15)
e 2 (Res(g; A) + >, Req(g; A;)) : Jem i Pi Ja
u<n+l1.
_ where
All re§|dues, Re_$g; 0), Res(g; A) and Regg; A;), are calcu- R
lated in Appendix A. gi(z) =

(z — 1+1pi) 2u—1(1 —z).

Multi-hop communication is introduced as a smart waWhenu > 1, th.efe is a pole at = 1/(1 +p¢) and (u — 1)
oles at the origin, and whem = 1, there is only a pole at

of providing a broader coverage in wireless networks. 10 ¢ Thus. P b ,
exploit the same idea in a cognitive radio network because th — /(1 +pi) of gi(2). Thus, P;" can be written as
coverage area can be broadened with less power consumption.

F. Multi-hop Cognitive Relaying

X . . o " —2 B i ) : .
Fixed-gain non-regenerative cognitive relays are comsilen €Y i T (Res(gi70) + Res(f]ia 1+1p)> :
Rayleigh fading channels. Channels over different hops a}e;p: u>1,
non-idenicak | AT, Res(girh ) 1,

Consider a cognitive radio network with/ hops between o Tp pi (16)

the primary user and the fusion center. There/Mdre 1 relays
(r1, ro, ..., rpr—1) between the primary user and the fusio
center. The end-to-end SNR can be expressed as

where Regg;;0) and Regg;;1/(1+ p;)) are given in Ap-
rF‘Sendix A. We have also derived1,, (s) in closed-form in

Appendix B. To the best of the authors’ knowledge, an exact
-1

Mo closed-form expression faM,, (s) is not available in the
v = Z H Zi—1 literature. The result will be helpful for exact numerical-c
im1 =1 1 culation of the upper bound for average detection prolgbili

. . . n her performan valuation in multi-hop relaying.
where~; is the instantaneous SNR of thith hop andC; is and other performance evaluatio ulti-hop relaying

the constant in relay; andCy = 1. Further,y can be upper

bounded as Mo IV. COOPERATIVESPECTRUMSENSING WITH DECISION
Yup = 2 H% M FUSION
=1

M (M—i) /M Each cognitive relay makes its own one-bit hard decision:
where Z,, = (Hi:l Gi )/M [28]. In [29], the o' and ‘1’ mean the absence and presence of primary ac-
MGF of ~, is expressed using the Radpproximation method tivities, respectively. The one-bit hard decision is fordex
as Q ‘ independently to the fusion center, which makes the coepera
~ is" tive decision on the primary activity.
M, (8) = Z g + O(s9th) p y y
i=1

where( is a finite number of terms of the truncated serles,A. k-out-ofn Rule

M . .
wi = 24 H o7 SR (Z(M_M) We assume that the decision device of the fusion center is
M implemented with the:-out-of+« rule (i.e., the fusion center

is ith moment ofy,, (here; is the average SNR over thih decides th.e. presence of .prir.ngry activity if there @reor

hop), andO(s@+1) is the remainder of the truncated serjednore cognly\{e relays that individually decide the preseat

After applying the Paél approximation, M., (s) is given as Primary activity). Whenk = 1, k = n andk = /2], the k-

out-of-n rule represent®R rule AND rule andMajority rule,

Zf‘:o a; s B % respectively. In the following, for simplicity of presetitan,
1+ZB bosi iy 5+ s (14)  we usepy and pg to represent false alarm and detection

=1 =1 probabilities, respectively, for a relay, and uBg and P; to

2Note that when we say two channels are identical, we mean they gepresent_ false alarm and detection probabilities, respég

identically distributed. in the fusion center.

j=1

IR

Moy (5)
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1) Reporting Channels without Errordf the sensing chan- for Rayleigh fading and composite Rayleigh-lognormal fagli
nels (the channels between the primary user and cognitiespectively. Herey; and(; are defined in (7).
relays) are identical and independent, then every cognitv
lay ach_i(_eves identical false alarm probabilﬁy and detection B. Multi-hop Cognitive Relaying
probability p,. If there are error free reporting channels (the ) . ) ) )
channels between the cognitive relays and the fusion denter Consider a multi-hop wireless network for both identical

Pf and Py at the fusion center can be written as and non-identical channels. Each Cognitive relay makes a
decision on the presence or absence of the primary activity
= (n i i and forwards the one-bit decision to the next hop. Each hop

Pe= Z:k (Z) (px)" (1 = py) @an is modeled as BSC. We assume that there Mrénops (i.e.,

M —1 relays) between the primary user and the fusion center.
where the notationy’ means f* or ‘d’ for false alarm or A channel with(M —1) non-identically cascaded BSCs, which
detection, respectively. is equivalent to a single BSC with 1) effective cross-over

2) Reporting Channels with ErrorsBecause of the im- probability P, given as (see Appendix C for the derivation)
perfect reporting channels, errors occur on the decisité bi

M—1
which are transmitted by the cognitive relays. Assume Wit-b p — 1 1_ H (1- 2pe.s)
bit transmission from cognitive relays. Thus, each idettic ) palet o

reporting channel can be modeled as a binary symmetric . . ]
channel (BSC) with cross-over probabilipy which is equal Wherepe,; is the cross-over probability of thgh BSC and 2)
to the bit error rate (BER) of the channel. the approximately equivalent average SNR being the average

Consider theth cognitive relay. When the primary activity SNR 0f thed/ —1 BSCs. A channel with{M —1) identically
is present (i.e., undeH,), the fusion center receives bit -1 cascaded BSCs, which is equivalent to a single BSC with

H HR 1 M-—1
from theith cognitive relay when (1) the one-bit decision agfective cross-over probability’. = 5[1 — (1 — 2p.)" "]
the ith cognitive relay is ‘1’ and the fusion center receives bgnd the average SNR being the average SNR of any BSC.
‘1’ from the reporting channel of théh relay, with probability Based on the channel gain of the equivalent single BSC,

pa(1—p.); or (2) the one-bit decision at théh cognitive relay € detection and false alarm probabilitigs; and py, of
is ‘0" and the fusion center receives bit ‘1’ from the repogi the BSC can be derived, similar to the derivation in Section

channel of theith relay, with probability(1 — pa)p.. On the I. Thqn, the detgption and false alarm probgbilities under
other hand, when the primary activity is absent (i.e., und@rMulti-hop cognitive relay network can be given Bs =

Ho), the fusion center receives bit ‘1’ from thiéh cognitive Pa(l = Pe) + (1 —pa)Pe and Py = py(1 — Pe) + (1 = py) Pe,

relay when (1) the one-bit decision at titl cognitive relay respectively.

is ‘1’ and the fusion center receives bit ‘1’ from the repogti

channel of theth relay, with probabilityp (1 —p.); or (2) the V. NUMERICAL AND SIMULATION RESULTS

one-bit decision at théeth cognitive relay is ‘0" and the fusion  Thjs section provides analytical and simulation results to
center receives bit "1’ from the reporting channel of thle  yerify the analytical framework, and to compare the reaeive
relay, with probability(1 — p)p.. Therefore, the overall false gperating characteristic (ROC) curves [8] of differentreméos
alarm and detection probabilities with the reporting esan yat are presented in the previous sections. Note that each

be evaluated as of the following figures contains both analytical result and
" /n , ‘ simulation result, which are represented by lines and eliscr
Po=Y" <Z> (Px.e)" (1 = Py,e)" ™" (18) marks, respectively.
i=k We first show the performance of the energy detector in

wherep, . = p, (1 —pe) + (1 — py)pe is the equivalent false _non-cooperativ_e cases (as disc_:usseq in_Se(_:tion I, wb?ah i
alarm (Y’ is /) or detection (' is ‘d’) probabilities of the important starting point of the investigation in the coaive
ith relay. cases. Fig. 2 thus illustrates ROC curves for small scale

Note thatp, is the cross-over probability of BSC. It is typ-fading with Rayleigh channel and composite fading (muttipa
ically taken as a constant value (e.g.,= 10~%,1072,1073) and shadowing) with Rayleigh-lognormal channel. We take
in a network with AWGN channels. In our system model, w&/ = 10 in (7), which makes the mean square error (MSE)
can calculatep, analytically as BER calculation of differentbetween the exact gamma-lognormal channel model and the
modulation schemes under multipath fading and shadowiAgProximated mixture gamma channel model in (7) less than
effects. For binary phase shift keying (BPSK), BER can p)~%. The numerical results match well with their simulation

calculated ag, — %foﬂ/Q M, (1/ gin2 9) d9 to yield counterparts, confirmir.lg' the accuracy pf the analysis. The
energy detector capabilities degrade rapidly when theageer
1 ¥ SNR of the channel decreases from 10 dB to -5 dB. Further,
pe=35\1 V1= there is a significant perf degradation of th
2 1+75 ere is a significant performance degradation of the energy
detector due to the shadowing effect in higher average SNR
and N (e.g.,7¥ =10 dB andn = 1).
Pe = EZ & (1 _ 1 ) Second, we focus on cooperative cases (discussed in Sec-
2 et G 1+G tions Il and 1V). We are interested in the impact of the numbe
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Fig. 2. ROC curves of an energy detector over Rayleigh andeRpy
lognormal fading channels. Fig. 4. ROC curves with the direct link over Rayleigh fadirttzannels.
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*  Simulation
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| ‘ ‘ e 0 02 0.4 06 08 1

0 0.2 0.4 0.6 0.8 1 F’f

Fig. 5. ROC curves for OR, AND and Majority fusion rules withr@-free

Fig. 3. ROC curves for different number of cognitive relaysioRayleigh reporting channels.
fading channels = 5 dB.

rapidly to the left-upper corner of the ROC plot, which means
of relays on detection capability. The upper bound of aweragetter detection capability. Therefore, it is better tdizdithe
detection probability, based on (11), and simulation tssulirect link for spectrum identification in the mobile wirske
are shown in Fig. 3. Note that the bound is tight for all theommunication networks with data fusion strategy, because
cases, and it is tighter when the number of relays increéses.there is a possibility for the fusion center and the primasgru
creasing the number of cognitive relays improves the detectto be close to each other. The bound is much tighter when a
capability dramatically. The presence of the direct path catronger direct path exists.
significantly improve the detection performance. Thus, Big Fig. 5 and Fig. 6 show the ROC curves férout-of-n
shows the impact of the direct path on the detection capabilirule in decision fusion strategy for error-free and errargeeo
The direct path has an average SNR value as -5 dB, -3 dBreporting channels, respectively. Three fusion rules: ARD,
dB, 3dB or 5 dB. We consider a network with=1 orn =3 and Majority rules, are considered. The average SNR in each
relays. The average SNR for other channels (from the primdigk (from the primary user to each relay, and from each
user to each cognitive relay and from each cognitive relaglay to the fusion center) is 5 dB. With error-free repatin
to the fusion center) is 5 dB. When the average SNR of tlthannels, OR rule always outperforms AND and Majority
direct link is improved from -5 dB to 5 dB, ROC curves moveules, and Majority rule has better detection capabilitgnth
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Fig. 6. ROC curves for OR, AND and the Majority fusion ruleswRayleigh Fig. 7. ROC curves for a multi-hop cognitive relay network.
faded reporting channels.

major impact on the detection probability even for low agera

AND rule. With erroneous reporting channels, the compeeatiSNRs. For the decision fusion strategy in the cooperative
performances of the three fusion rules are not as clearcg‘gectrum sensing, the generalizkebut-of-n fusion rule is
However, OR rule outperforms AND and Majority rules inconsidered, with particular focus on the OR, AND, and Ma-
lower detection threshold\f values (i.e., highe®; and Py). jority rules. OR rule always outperforms AND and Majority
As shown in Fig. 6, whenn = 5, OR rule has better yyles, and Majority rule has better detection capabilitgnth
performance than Majority rule and AND rule when < AND rule with error-free reporting channels. However, give
12.3 dB and A < 14.3 dB, respectively. With the erroneousprobability of reporting error, the performance is limiteglthe
reporting channels, we cannot expeét;, ;) = (1,1) at reporting error. The detection performance of both stiateg
A =0 and (P, P4) — (0,0) when — oo on the ROC plot. degrade rapidly when the number of hops increases. For any
When\ =0, Py = Py =7, (1) (1 —p.)'pi~" and when case with reporting errors, the ROC curve of the decision
A — oo, Py and P; approaches ", ()p. (1 —pe)" " In fusion strategy cannot reach (1, 1) at the right upper corner
both scenarios, the values &f; and Py depend only on the and cannot reach (0, 0) at the left lower corner. Although the
error probabilities of the reporting channels. We do not ggtayleigh and Rayleigh-lognormal fading channels are ebnsi
reliable decision in these cases. ered here, the same analytical framework can be extended to

In Fig. 7, we consider a multi-hop cognitive relay networlyakagamim and Nakagami-lognormal fading channels with
and its detection capability over Rayleigh fading. The ager integer fading parameter.
SNR in each hop is 5 dB. Note that for data fusion strategy, In this work, cognitive relays use orthogonal channels.(e.g
each ROC curve starts from (1, 1) wher= 0 to (0, 0) when\  pased on TDMA) to forward received signal to the fusion
goes to infinity. On the other hand, for decision fusion st center. The channel detection time may increase with the
with erroneous reporting channels, whan= 0, we have number of cognitive relays. Note that IEEE 802.22 standard
Py = Py =1— P, and when\ goes to infinity, ; and Py allows for the maximum channel detection time as 2 seconds.
approacheg’.. Fig. 7 shows that the detection performances gfherefore, we recommend a moderate number of cooperative
both data fusion strategy (represented by continuous)laves relays be utilized, based on the specific maximum channel
decision fusion strategy (represented by dashed linespdeg detection time requirement.
rapidly as the number of hops increases.

APPENDIX

VI. CONCLUSION A. Calculation of 2,

Detection performance of cooperative spectrum sensing is; g(2) has the Laurent series representation, ipéz) =
studied for data fusion and decision fusion strategies. & ng-~oo a;(z—z)" for all z, the coefficient_; of (z — 29) "

set of results for the average detection probability isveeri g éﬁéﬁesidue of(z) at z [23]. For g(z) given in (5), assume
over Rayleigh and Raleigh-lognormal fading channels. Rer ti are arer different poles atz = n; (i = 1,2,...,k) and

data fusion strategy, the MGFs of received SNR of the prima;% poles atz = ;. With the Residue Theoren®; can be
user’s signal at the fusion center are utilized to derivéttig .5 culated aF; — e 2 Zl_vﬂ Regg;7;), where ’

bounds of the average detection probability. The resultsvsh .
that the detection capability increases with spatial divger D= (g(2)(z —mi)™)

) — Z2=MNi
due to multiple cognitive relays. Further, the direct lirksha Res(g;7;) = (n; —1)! ’
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and D" (f(z)) denotes theuth derivative off(z) with respect B. Exact Closed-form Expression fatl., (s) in Section IlI-F

o 2. _ _ With the aid of PDF of+,, given in [28, eq. (20)] and
1) Residues of equation (6): the Laplace transform given in [31, eq. (07.34.22.0003,01)
M., (s) can be evaluated in closed-form as
A
Du—2 e2” Rn™ 1 2 n
<<1—z><z—1m> Mioy(s) = Y2 _quan R0 w0 G| ag)
: = 2=0 o 2 v sn A17 AQ?"'? An
Res(g;0) — 7 (2m)
(1+7) (u—2)!
where
_ —\ u—1 _ n(n + 1)
Re3<g; v) _ (HV) 3. vo= —
I+7 ¥ n
n(n—1) 1
: . P = 2m)” T 1—14)7z,
2) Residues of equation (8): };[1( ™ot R
A = A(n+1—i,1),
Du72 ( e%Z > n on )
(-2 (=—r5) R = o[ ]G +1— i)~
Res(g;;0) = (w—2) =0, i=1 i=1
Ak, 9) 2 (19,19+17m719+n1) ’
1 14 ¢) e 75 o "
Reﬂ<gi; ) _ (A G)er T
144G Gi G[] is the Meijer's G-function, and is real.
3) Residues of equation (11):
C. Cascaded BSC
pu-n—1 o2 ﬁ (1—Ai) The transition probability matriXZ; of the ith hop can
(1=2) 15 \#—4 o be written using the singular value decomposition7as=
R O = z= —1 )
es(g; 0) == : P~1Q;P, where
1 1
ezl [ 1—A; ro= (1 _1>7
Res(gi ) = == [ (i—x 10
Av—mr 1L A — A Q; =
J i=1,i#j i 0 1-— 2p€ ; 5
for _] = 1, ey T T = ( 1 — Pe,i DPe,i >
4) Residues of equation (13): Pei 1 —De,i

Then, the equivalent transition probability matrix for n-
cascaded BSCs can be evaluated'as []_, 7; to yield

A
Uu—n— 1-A 652 7A,L
Do ((g—z)é—m 11 i—m)

Res(g;0) = ' 2=0 T— } 1+ HZ:1(1 —2pei) 1- HZ:1(1 — 2Pe,i) )
(u—mn—2)! 2\ 1-Tl, (1 —2pes) 1411, (1—2pes)
Ax n Therefore, the effective cross-over probabilfy is given as
ez 1-A;
Res(g;A) = -, 1 n
Au—n ¢:1A_Ai pe:5 17H(172pe7i) .
=1
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