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Abstract—Distributed spectrum sensing enhances the detec- assume the FC has unlimited energy access, and thus wi
tion reliability of a cognitive radio network. However, this only consider optimizing energy consumption at the cogeiti
comes at the price of a higher energy consumption. To solve radios. We focus on designing an energy-efficient algorithm
this problem, a combined censoring and sleeping scheme is for distributed spectrum sensing in a network, where the FC
considered where the cognitive radios switch off their sensing employs either the OR or the AND rule. A combined censoring
module with a specific sleeping rate in each sensing period. .4 gaening scheme is considered. The cognitive radies ran

The awake cognitive radios send their local decisions to the doml itch off thei : dul ith ific sl .
fusion center only if it is deemed to be informative. The fusion ~ @OMIY SWILCh OIf their Sensing module with a Speciiic siegpin

center either employs the OR or the AND rule to make the rate. While awake, each cognitive radio employs a censoring

final decision about the presence or absence of the primary Policy to send their decisions to the FC. By applying cemapri
user. This paper investigates which rule performs better in terms ~ we make sure that only those decisions which are deemec
of energy efficiency under various conditions. The underlying to be informative, are transmitted to the FC. Corresponding
sensing parameters are derived by minimizing the maximum to the censoring policy, there is a censoring region which is
average energy consumption per sensor subject to a constraion defined by a lower threshold;, and an upper onés. In

the probabilities of false alarm and detection. This way, it can be  thjs paper, we determine the lower and upper thresholds as
eﬁ““’iﬂ that the spectrum Opp‘t’r.t”t”it}es gre .;ﬁ”iied eﬁid?”gy well as the sleeping rate by minimizing the maximum average
while the primary users are not interfered with. A case study - :

based on IEEE 802.15.4/ZigBee is considered for performance energy_eonsumptlon per sensor subject to a lower bound OF‘_”“
evaluation. It is shown that significant energy savings can be probability of detection and an uppe_r_bound.on the prott&bl]l
obtained by employing combined censoring and sleeping. of fa_lse alarm. Therefore, the cognitive .radlo network eleq
making harmful interference to the primary user activities
while efficiently exploiting the spectrum opportunities.eW
show that the optimal average energy consumption per senso

Distributed spectrum sensing improves the detection pers achieved by\; = 0 for the OR rule, and\, — oo for
formance of a cognitive radio network [1], [2]. The cognitiv the AND rule. Exploiting this, we simplify the underlying
radios sense the spectrum in periodic sensing slots and seRiPblems and show that the optimization problem for each
processed data to the fusion center (FC) based on theikle can be solved by a bounded line search.
observations. The FC is then responsible to make the final o . _ .
decision about the presence or absence of the primary user. !N [4]-{6] censoring is considered for distributed detenti
The received processed data at the FC is either soft data sutthS€nsor networks. The underlying parameters includireg th
as likelihood ratio test (LRT) results or binary hard demisi.  UPPer and lower thresholds are obtained in two ways. The
A comprehensive study of several soft and hard fusion schemérobability of miss detection is minimized subject to a con-
is provided in [3]. Due to its energy efficiency as well as straint on the prot_)abl_hty of false alarm and a limited natkvo
implementation simplicity, a binary hard fusion scheme is€N€rgy consumption in a Neyman-Pearson (NP) problem for-
considered in this paper. We focus on two famous decisiofhulation, while the detection error probability is minirad
rules known as the OR and AND rules. The OR rule decide§UPiect to the network energy consumption constraint in a
for the presence of the primary user, if at least one cognitiv Bayesian problem formulation. The paper [7] considers a
radio reports as such, while the AND rule dictates the akessenccOmbination of censoring and sleeping in sensor netwoda fr

of the primary user if at least one cognitive radio reports th @ information-theoretic viewpoint. The underlying paesens
absence. are derived by maximizing the mutual information between th

state of the signal occupancy and the decision state of the FC
Here, we consider cognitive radio networks which consist
of low-power sensor networks with limited batteries. Thisyw Censoring for distributed spectrum sensing is considered
designing energy-efficient algorithms to perform diffarexsks  in [8]-[12]. The communication overhead of the cognitive
in a cognitive radio system is a critical issue. Note that weradio network is reduced by employing a censoring policy

I. INTRODUCTION
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in [8] for an OR rule based distributed spectrum sensing

. . . Cogpnitive Radio 1
scenario. In [9], the maximum average energy consumption pe
sensor is minimized subject to a specific detection perfaocaa \
constraint in order to design sensing parameters for a cethso Fusion D
truncated sequential sensing scheme. The sensors sedjyenti —®|  Cognitive Radio 2 | center [ Fe
collect observation samples until they can reach a decision ) (FO)
about the presence or absence of the primary user before
reaching a specific truncation point. Censoring for coltabo /
rative spectrum sen_sing is considered in_ [10] for a sc_enario_> Cognitive Radio M
where cognitive radios employ cyclostationary detectien a
their sensing technique. A combined censoring and sleeping
scenario similar to the one in this paper, is discussed i [11 Fig. 1: Distributed spectrum sensing configuration
The total network energy consumption is minimized subject
to a specific detection performance constraint to deterttiae
optimal censoring and sleeping rates. This way, it is shown
that the network energy consumption reduces significantly.
Note that in low-power sensor networks, individual energy Ho : rij = wyy,
consumption of sensors is a more critical factor. That is why Ho i = hiss 4w 1)
in this paper, we consider minimizing the maximum average LT 7o Ea
energy consumption per sensor instead of minimizing tred tot Each cognitive radio employs an energy detector which ealcu
network energy consumption. Further, in [11], only the ORIlates the accumulated energy &f samples, as follows
rule is considered, while in this paper, we apply this to the
AND rule as well. A joint sensing and decision node selection N 9
scheme is considered in [12]. The network energy consumptio & = Z [ris | . )

=1

is minimized subject to a detection performance constraint o2

defined as in [11], in order to determine the sensing nodes _ . . L
from a pool of cognitive radios and subsequently the degisio~* C€nsoring policy is then applied to solve (1), which is dedin

nodes from the selected sensing nodes. The decision nodB¥ & lower threshold\; and an upper thresholt, in order to
are the nodes which send their result to the FC. Finallyd€termine the informative region @f. The calculatect; in
optimization of the network throughput for energy-coristed  (2) IS only considered to be informative df > A, or &; < As.
cognitive radios is considered in [13] in order to deterntine 1 NiS Way, the decision rule at theth cognitive radio is given
optimal hard fusion strategies for distributed spectrunssgy. y
However, no energy-efficient algorithm such as censoring or
sleeping is considered in [13].

send 1, declaringt,  if & = Ay,
The remainder of the paper is organized as follows. The { no decision A1 <& < Ay, 3
system model as well as combined censoring and sleeping is send 0, declaring{o if & < Ar

intrOdU(?ed in SeCtlon Il. We shall formulate and analyze th%onsidering the model in (1)5] follows a Chi_squared dis-
underlying optimization problems for the OR and AND rules tripytion with N degrees of freedom undét, and ;. This
in Section Ill, followed by numerical results in Section We way, the local probab“ities of false a|armf’j and detection

shall draw our conclusions in Section V. P, are derived as
TR
II. SYSTEM MODEL Py = TN Py, (4)
A network of M cognitive radios (CRs) is considered
where cognitive radios gain spectrum access if the primary (N, ﬁ)
user is not active within a certain band. Cognitive radiassse Pyj= (V) : (5)

the frequency band in periodic sensing slots, and solveayin
_ |hl%0?
2

hypothesis testing problem by collecting sa}mples in order where~y; = : is the signal to noise ratio (SNR) at the
to determine the status of the band regarding the presence or, J

o

absence of the primary user. The underlying hypotheses algéth cognitive radio. We further define the censoring rate of a

' AR ognitive radio ap,; = Pr(A < & < Az), wherePr denotes
defined asH, and #; indicating the absence and presence o o J J g vy
the primary user, respectively. The local results are theam s probability. Here, we assume that the a priori probabdii

to the FC where the final decision is made as shown in Fig. jprimary user presence or absence represented by Pr(Ho)

Denotings; to be the primary user signal at tiniewith zero- andm = Pr(#,), are known. This way, denoting, ; and

mean and variance?, w;; to be the additive white Gaussian 616]' as the_ cen(.;,orlng rrgtes ur;]d]d() ;ndﬂa 6respect|vt()aly3 Wg
noise with zero-mean and varianed, h; to be the channel > t@inp; = modo,; +m015, Wheredo,; anda, ; are obtaine

gain between the primary user and cognitive radio (assumetc)iy
to be constant during each sensing period), ado be the

i-th received sample at thgth cognitive radio, the binary

hypothesis testing problem is formulated as follows 0. = - = %o, ©6)




cognitive radio sends &, else Dgc = 0. This way, the global

. LN, o) TV, o) @ probability of false alarmQror for the OR rule is obtained
WS T () by
On top of censoring, in each sensing period, each cog- Qror = Pr(Drc=1Ho)
nitive radio switches off its sensing module with probabili = 1— Pr(Dgc = 0|Ho)
u, the sleeping rate. Therefore, on top of the transmission M
energy savings which are achieved by employing censoring, = 1— H[l — (1 — p)Py]
the energy which is consumed during the sensing time shall =1
also be reduced. Denoting, ; to be the sensing ener er
g. g eneay P S ) (10)

sample and’; ; to be the transmission energy per bit at the

i-th cognitive radio, the average energy consumption at the L . . .
:;'-th cognitive radio becomes 9 24 P where Py ; is given by (4). This can be easily explained by

the OR rule based global probability of false alarm when
considering(1— ) Py to be the local probability of false alarm

Ci=1—p)(NCs;+ Cij(1—pj)). (8) including the sleeping policy. Note that the false alarm and
detection rates are independent from censoring, because if
We assume that # 0 and p; # 0. sensor does not transmit a result to the FC, the FC assume

The FC decides fot, and; by employing either an OR that the decision of this sensor is zero.
rule or an AND rule. These two rules are the simplest hard
fusion rules to implement in a distributed detection scienar
The OR rule based FC decides fqy if at least one cognitive
radio sends 4 to the FC while in case of the AND rule, the

The global probability of detectioyp or for the OR rule
can be derived in a similar way, and results in

FC votes forH, if at least one cognitive radio reportsialn Qobor = Pr(Drc=1[H1)

the following section, the global probabilities of falseafah = 1— Pr(Dgc=0H1)

and detection for both rules are derived, and the underlying M

problem formulations are discussed. = 1- H[1 — (1= p) P, (11)
j=1

1. ANALYSIS AND PROBLEM FORMULATION
, . ._where P, ; is given by (5). This also can be explained by the
Our goal is to minimize the average energy consumptionyR ryle based global probability of detection when consgiter
per sensor. However, since minimizing tia@erageenergy (; _,)p, . to be the local probability of detection including
consumption per sensor for each individual cognitive radigpe sleepi’ng policy.

becomes NP-hard, we consider minimizing theaximum

averageenergy consumption per sensor. We further need to  To analyze (9) for the OR rule, it is more convenient to
take the cognitive radio requirements regarding the iaterfce  rewrite it in the following format

limitations and throughput into account. As mentionediear!

the cognitive radio should avoid harmful interference & phi- min max (1 — p)[NCs; + Cpj(1 - py)]

mary user. A constraint on the global probability of detewti AL A2 j ’ ’

is then enforced by this requirement. Further, to increhse t stl1—-[1-(1- M)Pf]M S«

cognitive network throughput, correct detection of a spent M

hole is critical and thus the probability of false alarm s$hal 1— H[l —(1—p)Py,] > B (12)

be designed as low as possible. We define an upper bound
denoted bya for the global probability of false alarmQe,

and a lower bound denoted g/ for the global probability of
detection@p. Our goal is then to design the system parameters  Since for the OR rule, the FC only decides on the presence
including A1, A2 andp by minimizing the maximum average of the primary user by receiving 1s, sending Os is not optimal
energy consumption per sensor subject to a constraint on the terms of energy efficiency. Therefork, = 0 is the optimal
global probabilities of false alarm and detection, as feflo  solution to (12). Using this result, we can relax one of the
arguments of the problem. When = 0, we obtain

Jj=1

min max Cj

AL, 2 ] (9)
StQrF<a, Qp>p. 1—dy = Py,
1—961,; =Py 13
In this section, first, we deriv€)r and Qp, followed by o . (13)
an analysis of (9) for the OR rule in Section IlI-A, and then
we do the same for the AND rule in Section IlI-B. Hence, (12) is given by
A. OR rule min max(1 — p) [NC’SJ + C, i (mo Py + 7T1Pd,j)]

. . . Az
In this sub-section, the FC employs the OR rule in order St1—[1—(1— M)Pf]]\l <a

to make the final decision. DenotinGgc to be the decision
made at the FC, the OR rule meafsc = 1 if at least one Qpor = f. (14)



After some simplifications, we can show that our optimizatio probabilities of false alarm and detection. As in the prasio

problem reduces to the following line search problem scenario, the constraints on the probabilities of falserakand
detection are defin_ed by an upper bour_land_a lower bound
max H}}n (1—p) [NC’S,]- 4Oy (WOF(G_l(,u,ﬂ)) 5, respectively. This way, the problem is written as follows
J
r/r\nri max Cj 18
* mF(G_l(M’ﬁ)/@(l + Pyj)))ﬂ. (15) gtllez,ANjD < a, Qpanp > B (18)
whereF (z) = Fp(é\;\}f), G(u, A2) = Qp,or, andy should satisfy Since the FC decides fdi, only by receiving zeros, the

optimal solution of (18) is attained by, — co. This way, the

—1 ! o 1/M
F(G'(p, 8)) < o /(1 = p), wherea’ =1—(1—a)!/* and global probabilities of false alarm and detection reduce to

G~ is the inverse function defined over the second argume
in G(u, A1). Denotingu* as the solution of (15), the optimal

probability of false alarm is obtained by; = F(G~'(u*, 3)). OF AnD = [1 (- - 50)] M (19)
Deriving the optimal), is then stralghtforward ’ ’

B. AND Rule M [

Here, we analyze the performance of combined sleeping @oanp = H

1_(1_u)(1—51,j)] (20)
and censoring for the AND rule. According to the AND rule,
Dec = 0, if at least one cognitive radio reports a zero, else . . . .
Dec = 1. Note that for the AND rule, if the FC receives no factlr:ﬁ:g\ng lloi) izn(;jpt(iﬁ?gxllr\]/v(elg{)ti?r? relaxing, using the
decision from the-th cognitive user, it automatically considers 2 '
this decision to be 1. This way, the global probabilitiesaié

alarm and detection are obtained as follows .
min max(1 — p)(NCs j + Cy (1 — pj))

AL
M
QrFAnD = PT(DFC = 1|Ho) St {1 - (=p- 50)} Sa
M
:H [u+ (1= )(d + Py)| [I[1-a-ma-a,]=s (21)
e et
{ 1)(J0 + pf)} M wherep; = modo + 7191, ;. After some derivations, we obtain
o the following line search problem in order to determine the
[ (1= p)(1 = do — Pf)} . (16)  optimal ; and consequently, and\;
1— Oél/M
Qoo = Pr(Dec = 1|H1) IIBD max (1 —u) | NCs ; +C,; (1 — 7T0(1 T m )
M
- ) ) 1— 1/M
= [,U +(1— N)((;LJ + dej)} — m1Fj AND (1 R ))] ) (22)
j=1 I—p
M
= H |:1 — (1 — ,u)(l — 5173‘ — Pdﬂ‘)} . (17) where Fj,AND (5()) = (51,j((50) = F(Fil((so)/(]. + ’Yj)). In

<.
Il
-

search for the optimat, we should note that < o'/ which

These derivations can be easily explained by the AND ruleeomes from the fact that — 1*1‘1_1;1” > 0 and alsoG(u, 1 —
base_d gl.obal probabilities of false alarm and detectionrwhe 171011:“) > 3. Denoting u* as the optimal solution of (22),
consideringl {(1 ) (1=0o Pf)} andl [(1 (=01 the optimald, is obtained bys; = 1 — 1;3;:”. Determining
P, ;)| to be the local probabilities of false alarm and detection), is then straightforward.

including the sleeping and censoring policies, respegtive

Note that for the AND rule, the FC considers any result except IV. NUMERICAL RESULTS
0 as 1. Therefore, from the FC viewpoint, a false alarm (or
detection) at thej-th cognitive radio occurs if the received
result is not0. That is why for the AND rule, the censoring
rate plays a role in the global probabilities of false alamd a
detection which is not the case for the OR rule.

In this section, we evaluate the performance of the pro-
posed combined censoring and sleeping scheme for the OF
and AND rules in several scenarios regarding the probgbilit
of primary user absence (presence). To determine the gensin
and transmission energy of each cognitive radio, a Chipcon

We define our problem in order to find the underlying CC2240 transceiver based on the IEEE 802.15.4/ZigBee stan
arguments Xy, A2, 1), SO as to minimize the maximum average dard is considered [14]. We assume that all the cognitiveosad
energy consumption per sensor subject to a constraint on trexperience the same SNR which is equahte- 10 dB. The
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Fig. 2: Optimal average energy consumption per sensor sersirig. 3: Optimal censoring and sleeping rate vergudor
S for different setups. different setups

number of samples is assumed to/¥e= 5 which corresponds
to a sensing time oft us. Cognitive radios are uniformly

distributed around a circle with radiu&) m and the FC is 3 50
located at the centre. A free-space path loss model is emgloy 5 4s0] - - — 1
to model the wireless channel between the cognitive radib an & —e— Combined censoring and sleeping with ,=0.2, OR
the FC and this leads to a signal attenuation which is inkerse 3 4 —Ac— Combined censoring and sleeping with 1,=0.2, ANDY |
proportional to the square of the distandebetween the S 350 - =e= Combined censoring and sleeping with 17,=0.8, OR ||
transmitter and receiver. The total sensing energy cangist g +=()- - Combined censoring and sleeping with 7,=0.8, AND
of listening and processing energy forsamples is derived £ %%, — % = Combined censoring and sleeping with 7,=1, OR ||
in [11] and is r0U9h|y equal tﬁCs :.19_0 nJ. FOIIOWing the § 250 . = = = Combined censoring and sleeping with =1, AND
same model as in [11], the transmission energy for a rang 3 No censoring or sleeping
of 70m and transmission of one-bit decision, is approxityate g *®°
C, = 278 nJ. Note that the transmission energy is derived in ;;150 A
order to satisfy a receiver sensitivity ef90 dBm at a SNR g N
of 10 dB. g 1

]

Fig. 2 depicts the optimal average energy consumption pe é %
(@]

sensor versus the probability of detection constraitThe 5 : : . 5T 1 5 1
number of cognitive radios i3/ = 5, the probability of false Number of cognitive radios

alarm constrainte = 0.1 and0.9 < 8 < 0.99. We letr, adapt

to three values includind0.2, 0.8, 1} reflecting the cases Fig. 4: Energy scaling with number of cognitive sensors for
where the probability of primary user absence is low, highdifferent setups.

and extremely high, respectively. We can see that the cadbin

censoring and sleeping scheme delivers a high energy saving

compared to the scenario where no energy-efficient scheme is

considered. We further notice that the AND rule outperforms

the OR rule for low values of, reflecting the lower chance of - .
reporting0 and thus a higher censoring rate compared to thdigure, the global probabilities of false alarm and detectee

OR rule as shown in Fig. 3. The opposite trend is shown fo@SSumed to be: = 0.1 and 3 = 0.9. Again it is shown that

the case wherer, is high. For example, except for the high combined censoring and sleeping is very promising in terms
values of 3, the OR rule outperforms the AND rule when of energy-_e_fflmen(_:y with respect to the scenarios where no
7o = 0.8. For the extremely high values of,, it is shown energy-efficiency is .t.aken into account. We can see tha}t as
that the OR rule always outperforms the AND rule with muchth€ number of cognitive radios increases, the system gains &
higher censoring rate as shown in Fig. 3. It is also shown thdfigher energy saving, inflicting a lower burden on individua

the lower bound on the optimal average energy consumptioﬁognitive radios. As in Fig. 2, the AND rule outperforms the
per sensor for the OR rule is achieved when= 1. OR rule for low values ofry, while the OR rule outperforms

the AND rule for high values ofry. We can see again that the
The optimal average energy consumption per sensor iwer bound on the optimal average energy consumption per
drawn in Fig. 4 versus the number of cognitive radios. In thissensor for the OR rule is achieved whepn= 1.



V. CONCLUSION [10] J. Lunden, V. Koivunen, A. Huttunen and H. V. Poor, “Cuibrative
) ) ) ] Cyclostationary Spectrum Sensing for Cognitive Radio @yst” IEEE
In this paper, a combined censoring and sleeping scheme Transactions on Signal Processingol.57, no.11, pp.4182,4195, Nov.

was discussed in order to reduce the sensing and transmissio 2009

energy of the cognitive radios involved in spectrum sensing[11] S.Maleki, A. Pandharipande and G. Leus, “Energy-EdfitiDistributed

A distributed spectrum sensing scenario was consideredewhe Splewlum 39”33'”9 f°r6C°9”3{“Ve Ser?sz%’ NetworkEEE Sensors Jour-
, - , vol.11, no.3, pp.565,573, M 11

the fusion center either employs the OR or AND rule. The _ "2 Vo~ 195 PP are

- [12] M. Najimi, A. Ebrahimzadeh, S. M. H. Andargoli and A. Fdlla
global probabilities of false alarm and detection for eade r “A Novel Sensing Nodes and Decision Node Selection Method fo

were derived and the Underlying sensing parameters im_qui. Energy Efficiency of Cooperative Spectrum Sensing in Cagnisensor
the censoring and sleeping rates were determined by minimiz ~ Networks,”IEEE Sensors Journabol.13, no.5, pp.1610,1621, May 2013

ing the maximum average energy consumption per sensor. [t3] S. Maleki, S. P. Chepuri and G. Leus, “Optimization of chdusion
was shown that the AND rule performs very well in terms of  based spectrum sensing for energy-constrained cogrétilie networks”,
energy efficiency in situations where the activity of thexpary Physical Communicatiorivailable online 20 July 2012

user is high, while the OR rule delivers a good performancé14] IEEE 802.15.4 standardiart 15.4: Wireless Medium Access Control
in situations where the activity of the primary user is low or (P'\grAS(C)L;ng;:ﬁéﬁol;sgiwp'::g%&pgC'f'cat'ons for Low-Rateelass
particularity extremely low. Therefore, we suggest deisign

an adaptive approach, where the fusion rule can alternate

between the OR and AND rules, depending on the activity of

the primary user within a specific band. We further conclude

that if a cognitive radio network is well-designed in ternfs o

energy efficiency, increasing the number of cognitive radiot

only improves the detection performance but also enhamees t

energy efficiency of individual cognitive radios.

Note that, because of mathematical tractability, this pape
only dealt with the OR and the AND rules. Asymptotic
analysis of energy-efficiency considering combined cangor
and sleeping for a gener&l-out-of-M fusion rule is a subject
of further studies.
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