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~ Abstract—This paper proposes a censored and ordered sequen-obtain a very high gain of combination by utilizing availebl
tial collaborative spectrum sensing scheme for cognitiveadio primary signal’s SNR. However, such above advantages af dat

ad hoc network (CRAHN). The scheme uses the ordered of f,5ion schemes are at the cost of overhead traffic of control
the sensing data reliability for enabling the Dempster Shadr

theory of evidence sequential combination. A preceding cesored signaling and Sensing results transmission, Wr_"Ch consume
process removes the nodes having insignificant sensing data MOre communication resources such as r.eportlng time delay,
the broadcasting sensing result process. The advantage aofiered  control channel bandwidth and transmission energy. The re-
sequential and censored mechanism will help to reduces comm  quirement resources will be extremely large when the number
nication resources (the energy consumption, the coordinan and of CR User (CU) increases. However, only a few works

overhead in control channel and the sensing result collectg time) . - .
while keeping the same sensing performance compared with ¢n Nave considered this problem. Yeelin and Su [6] proposes

conventional centralized cooperative spectrum sensing. a sequential test for CSS to control the average number of
Index Terms—cognitive radio, spectrum sensing, collaborative, the reporting bits and reduce the mean detection time and
sequential fusion, censoring, Dempster Shafer theory bandwidth. In [7], a data fusion scheme which utilizes a D-S

theory based ordered sequential test for higher efficieney (
lower reporting resources requirement) and faster detedsi

In recent years, Cognitive Radio (CR) which enables oproposed. However, all of these sequential fusion schemies n
portunistic access to underutilized licensed spectrundlbeas only do not take advantage of removing the low reliabilityada
been considered as a promising technology. Spectrum genghom reporting by a censoring method as proposed in [8] but
(SS) plays an essential role in CR. Among various spectruatso can be only applied for centralized CR networks which
sensing techniques, energy detection is an engaging metheguire a data fusion center to control the process of séigen
due to its easy implementation and admirable performandtest.
However, its major disadvantage is that the receiver signalFor the case of CR ad hoc network (CRAHN), due to
strength can be seriously weakened at a particular geogedphthe lack of central controller, each CU is responsible for
location due to multi-path fading and shadow effect [1]. Idetermining its actions based on its local observationce&in
order to overcome the hidden node problem in which a singlee CU cannot predict the influence of its actions on the entir
sensing node cannot distinguish between an idle or a deegwork only with its local observation, collaboration eates,
fade band, the collaborative SS scheme has been considénedhich the observed information can be exchanged among
in many literatures (see [2]-[8] for examples). devices are essential [9]. Therefore, it is necessary tsiden

By utilizing the diversity of distributed sensing data rean effective mechanism for sequential fusion in such the.cas
sources based on a fusion rule such as “And rule,” “Or In this paper, we propose a collaborative SS scheme for
rule,” “k out of n,” etc. [2][3], cooperative spectrum sensingCRAHN based on censored and ordered sequential D-S theory
(CSS) can simultaneously decrease both the miss detecttombination. The censored and ordered collaborative mecha
and the false-alarm probability of a single sensing node. ism enables the sensing data sequentially to be combined in
data fusion scheme for CR network based on Dempsterdescending sequence of reliability. This will help to reslu
Shafer theory of evidence (D-S theory) was first proposdide number of reporting data and the sensing time.
in [4]. This scheme shows a significant improvement in the The rest of the paper is organized as follows. Section 2
detection probability as well as considerable reduction bescribes the system model. Section 3 introduces the col-
the false alarms probability without any requirement obpri laborative spectrum sensing based on D-S theory. Section 4
primary system'’s activity information. Nguyen Thanh andoKoproposes the censored and ordered collaborative mechanism
[5] enhanced the D-S theory based fusion scheme in [4] S&ction 5 develops the censored and ordered sequential D-S

I. INTRODUCTION
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IIl. THE D-STHEORY BASED COLLABORATIVE SPECTRUM
_ - SENSING
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sensing data U
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—

- - A. Basic probability assignment estimation

Primary In order to apply D-S theory of evidence to the collaborative
transmitter spectrum sensing scheme, the frame of discernméris
defined aq Hy, Hy, 2}, where(?, called ignorance hypothesis,
denotes either hypotheses is true. After sensing time, each

CU: Cognitive Radio User CU will estimate its self-assessed decision credibilityickih
Broadcast final decision is equivalent to Basic Probability Assignment (BPA) forghe
e e hypotheses. The BPA function is defined as a form of the
cumulative density function similar to those in [5] as fols
Fig. 1. System model (Hy) oo . (z — poi)’ i @)
m; = —exXp| ————=— | dx
0 TE,; \% 2770'01' P 2081
theory based collaborative SS scheme. Section 5 shows the
simulation results. Finally, Section 6 concludes the paper e (Hy) = too g exp [ — (x — /m)z ] ©
' e, V2TO1; 20%;
[I. SYSTEM DESCRIPTION
We consider a single-hop CRAHN with a dedicated com- m; () =1 —m; (H1) —m; (Ho) (6)

mon control channel (CCC) and multiple CUs sharing the

same frequency band with a licensed system as shown in Fiere (Ho), mi (H1) andm; () are the BPA of hypothe-

1. In order to increase the reliability of the licensed usay)( S€SHo, H1 and of thei-th CU, respectively. Using these

protection, the CUs, after sensing the spectrum band, egmafunctlons, the.B_PA of hypothese, a.nd H, are unique for

their SS information each other. Therefore, the collaliezat each test ;ta‘usucs valuez, and vary in such a way that the

SS model which does not require a central controller will B89€7E; 1S the largenn; (1) and the smallern; (Ho) are

adopted into our CRAHN. As a result, the whole proces%nd vice versa. These values are br(_)adca_sted fro_m_varloas Cu

of SS includes two phase: the individual SS phase and tA&d combined at each CUs to obtain a final decision.

collaborative phase. The individual SS for detecting thes LL{3 D-S theory based combination

signal is essentially a binary hypotheses testing problem &

follows: According to the D-S theory of evidence, the combination
{ Ho:z(t) =n(t) of the BPAs fromn sources can be obtained via the following

Hy o) =h(t)s(t)+n (1) (1) equations [11]:

where Hy and H; are the hypotheses of the absence and 1 (H,) = Z Hmi (Ai)/(l - K) (7)
presence of the LU’s signal, respectively(t) represents the ALNAsn. A, =Hy i=1

received data at the CW, (¢) denotes the gain of the channel

between LU and CUs (t) is the signal transmitted from the n

primary user anch (¢) is the additive white Gaussian noise. m(Hy) = Z Hmi (Al-)/(l —-K) (8)
The spectrum sensing method is energy detection. The output AP AsA, —Hy im1

of energy detector is the received signal power which ismgive
by where

rp=3" |af? @ K= > [lmi

AiNAsN.. A, =0i=1

where z,, is the n-th sample of the received signal and?ndAi can be one element of the sgf,, H, Q).

é\f :d 22:?]/ T and:{V ?en\?\;ﬁ tg\fe .dEte(it'?_n :'mf and signa A simple decision strategy is chosen; and the global detisio
andwidin, respectively. env is relatively large (e.g. is made while considering the following numerical relation

N > 200), zr can be well approximated as a Gaussian randosrﬂi s
variable under both hypothesé&g and H,, with meanu, po pS- e
and variancer?, o3, respectively [10], such that ) (m( Hl)) <0 0 ©)
_ 2 _ m (Ho) E
{ =N 2 o @) :
=N(H+1 =2N(2y+1
i (r+D e @r+1) where the ratio% is considered as the global combination
where~ is the SNR of the LU’s signal at the CU. ratio.
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log Reliabilit n . . .
g }i'a; Concudabl O Empty timeslot R according to the data reliability as follows:
Mmax sensing data B Burst
n. _'\ O sensing data _ log
,7l | [ Beacon Ry = Ml{ (10)
Ty I Discarded Thmax — TJmin
My : Se”s‘”lf dala The 1 The2 The k" s | _ - -
Tein| 1 — + — 4+ — b —— " Ofset ralaniy relabity  rolabity node where|.] is a round-down operator angl, . is the maximum
Me+1)* el node node node . . .
e g s f j I reliability threshold. They,,... is selected large enough such

that a reliable final decision can immediately be concluded i
the data reliability is a larger than that value.

In broadcasting period, CUs will transmit their sensingadat
at the corresponding reserved data timeslot if the first part

cce  lan Reservtion Broadcasting of the da_ta timgslot, equivalent to a slot time, is empty. In
pere pere contrast, if the first part of the data timeslot is occupiedaby
Tsen reserve it H .
previou: L . Tocaces burst signal, the nodes have to wait for the followed beacon
Sode | Sepein Collaborative phase message which includes the stop broadcasting request ahd fin
B e o decision result from the general node.

Previous general node: the previous 1% sensing data reliability node
General node: the current 1°' sensing data reliability node

V. THE CENSORED AND ORDERED SEQUENTIAD-S

Fig. 2. The censored and ordered collaborative mechanism THEORY BASED COLLABORATIVE SPECTRUM SENSING
SCHEME
IV. THE CENSORED AND ORDERED COLLABORATIVE For broadcasting the sensing result in the sequence of
MECHANISM the data reliability, thei-th CU will make its self-assessed
. . credibility ratio which is defined by:

As mentioned above, the main problem of D-S theory basede y y
collaborative spectrum sensing as well as other schemes is log _ || m; (Hy) (11)
the large communication resource requirement for repgprtin i = gmi (Ho) |

sensing results, particularly, in a large cognitive radiowork. o i

For this reason, in order to reduce the overhead, the tofl the general node, the broadcast?d BPA is immediately
processing time and the energy consumption for spectrGfimpined in the sequence as follows:

sensing, we propose an censored and ordered sensing data, H.) = k-1 H. H) =01
reliability broadcasting mechanism in which nodes withhaig combined (H3) = Meompinea (H;) ©mi (H;) - j =0,

. A : : 12
current sensing datas reliability will broadcast earlierd a where k= 1, Mc, m*=1 (H,) andmb . (Sq.))
nodes with sensing datas reliability lower than a censorg&é the(k—vl'j':th gr'wd (Izﬁﬁmédombjined BPACO(;rflbﬁl;gothJesis

threshold will not report as shown in Fig. 2. The highest sens, . : L
ing data reliability node, which is free after first broadoas 1%1'7’ respectively)c is the total number of CUs joined in the

: . roadcasting process after censorin i@ the combination
its sensing data, becomes the general node and makes the ﬁB@Tator dlelgi]nF:ad based on DS—theIo?ya:s follows: natl

decision.
The proposed ordered collaborative mechanism includes the m, @ m,, (H;) =
reservation period and the broadcasting period. In the first ma (Hy)my (@) +ma (Hy)mo (Hy)+ma(@Qmo(Hy) 5 (13)

period, the CUs make a reservation by utilizing a short burst L=l (Hy o (F =g ) Frma (Ho g ) (H)]

signal according to a reservation timeslot. Since every CU ;¢ 4, (Q) =1—ma ®my (H1) — ma ®my (Hy), (14)
can listen to the CCC, the broadcasting time slot position ca
be determined according to the reservation burst order.  wherej = 0, 1, anda andb denote the two arbitrary combining
In details, the reservation peridd..s..... is divided intox  sources.
reservation timeslotss( > M, i.e., number of CUs). Each Due to the commutative and associative properties of the
timeslot lengtht,: is equal to a slot time, i.e., the timeD-S theory combination operatap, the combined result of
required by the radio layer for functioning carrier sensing the sequential CSS scheme will be equal to that of the non-
After sensing the spectrum band, each CU estimates stsquential one as in (7) and (8) when all nodes’ sensing data
data reliability and conducts a censored process. This sneane combined as the same time. Therefore, instead of using th
that the CU will take no action if the sensing data reliapilitO as a threshold for the final decision making as in (9), the
is smaller than a minimum reliability thresholg,,;,. The general node adopts a couple threshaldswhered > 0 for
selection of the minimum threshold has to guarantee that tb@mparing the combination ratio. The value ofs selected
discarded, i.e. lower reliability than,.;,, sensing data havelarge enough so that the cooperative gain is equivalently
less significant in the contribution to final decision if itised. maintained though the number of combined sensing data is
After the censored process, the CU whose sensing déiaer. The proposed sequential fusion scheme is based on the
reliability is larger thann,,;, will calculate the reservation following final decision making strategy:
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Fig. 3.  The error probabilities of different fusion schemes both the Fig. 4. The average percent of broadcasting number of diiefusion
censoring threshold,,;», and the sequential test's threshdldinder the LUs  schemes vs. the threshold value of sequential destth different values of
signal SNR = -15 dB at all 20 CUs. censoring threshold,,;,, under the LUs signal SNR = -15 dB at all 20 CUs.

100
* |f k < MC then ................ g

. k B
Hl if Ncombined >0 o
Dyfinat = { nodecision if —§<n¥ .. <6
ek
HO if Ncombined <=0

where D ;,,; denotes the global decisio®y/ is the total
number of CUs in the network angf, 4 represents

Average percent of broadcasting numbers

mbine
the global decision credibility ratio at thi-th report —gg( 0 N ———
. . . [ --©- - =0. S
which is given by: O a oE (o)
k «ulh- CE (n =0.6)
k ) =1 Meombined (Hl) 15 50} =@ = CE-CS (n =0.2)
Neombined og k . ( )
combined (HO) ::-CE_CS (17 =0-4)
- CE-CS (n_, =0.6)
k H X =
In the case that-6 < 1), 1i..a < 0 the general node Ol 8 oS oY
ill wait for the next data report = OE 08 =0
wi ' . . == CE-OS (1 =0.6)
o If k& = M then the truncated process is applied as e s 7 4 a5 a4 a3 a2 a1 o
follows: SNR [aB)
H, ifn* >0 i i i i
Des _ 1 Ncombined Fig. 5. The average percent of broadcas_tlng _number of dlﬁefu5|_on
final Hy if nfombmed <0 schemes vs. the LU’s signal SNR values with different valakEsensoring

thresholdn,,;, under the sequential test’s threshalc: 10.
VI. SIMULATION RESULTS
For simulation, we assume that the LU signal is DTV signal
whose bandwidth is 6 MHz. 20 sensing nodes with the sameFig. 4 shows the average percent of broadcasting number
LU signals SNR are in the network. The local sensing timgf CS, CE, OS, CE-CS and CE-OS fusion schemes according
is 50 us. Firstly, we consider the influence of the censoring ¢ with different values ofy,,;, under the LU’s signal SNR
thresholdn,,;, and the sequential test's threshaldon the =-15 dB at all 20 CUs. The figure indicates that the number
collaborative SS performance, i.e. the global error prditgb of broadcasting nodes is low when the threshélis low.
as shown in Fig.3. In the figure, trmnventional (CO), the Therefore, the selection of threshaidis a tradeoff between
conventional sequential (CS), thecensored (CE), thecensored performance and network overhead. Beside, as shown in the
and conventional sequential (CE-CS), theordered sequential  Fig.4, the average percent of broadcasting number for the sa
(OS) and thecensored and ordered sequential (CE-OS) DS- fusion scheme will decrease when we increase the value of
theory based data fusion are simulated under the same LiJs,.. In the case of our proposed CE-OS scheme, at10,
signal SNR as -15 dB at all 20 CUs. As shown in the figure, tHer example, the average percent of broadcasting number is
error probabilities of all others fusion scheme are coreeéty 65% for 7,,;, = 0 (i.e., OS scheme), 60 for 7,,;, = 0.2
that of CO DS-theory based one when the value thresh@d and 52% for 7,,,, = 0.6. This result is fully significant if
adequate enough (i.€.> 8). Furthermore, when the thresholdve note that the SS performance is almost unaffected in the
0 is large the increasing of thresholg,;,, in the range [0, 1] range from 0.2 to 0.6 of the threshojg,;,, atd = 10 in Fig. 3.
softly reduces the sensing performance. Above all, compared with other schemes, our proposed CE-OS
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fusion outperforms the other schemes in the same thresholp]
condition. Indeed, as shown in the Fig. 4,0at 10 andn,,;,
= 0.6, the average broadcasting number percent 9§ ot
CE fusion, 62 for CE-CS fusion and 52 for our proposed
CE-OS fusion.

For further consideration, the five above schemes are sirﬁl-ol
ulated with different SNR conditions and different threlsho [11]
Nmin Values while keeping =10. As shown in the Fig.5, for
CE fusion, the broadcasting number increases when the SNR
increases. This can be explained by the fact that the sensing
data reliability will be improved when the SNR increases:. Fo
both CE-CS and CE-OS fusion, however, the broadcasting
numbers is reduced when the SNR value increases. Similarly
to previous results the same best performance is obtained by
our proposed CE-OS scheme.

[9]

VII. CONCLUSIONS

In this paper, a censored and ordered sequential D-S the-
ory based collaborative SS scheme for CRAHN has been
proposed. The preceding censored process and the followed
ordered sequential fusion not only mantain the same sensing
performance compared with the conventional cooperatine ce
tralized spectrum sensing scheme but also strongly regucin
the collaborative resource requirements such as the cagrhe
of control channel, the energy and the collecting sensirig da
time. For future works, the detail protocol for coordinatio
between CUs and the timming for making the proposed
scheme precisely work in practice require more research.
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