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Abstract—One of the most important and critical components
of the cognitive radio is spectrum sensing and accordingly,
detection of primary users. Vast majority of recently proposed
cooperative spectrum sensing methods do not consider errors oc-
curring during the transmission of local cognitive radio decisions
to the cognitive base station. However, perfect communication is
clearly not the case in realistic cooperative spectrum sensing
scenarios and might lead to misleading performance result
interpretations.

In this work, we extend the simple cooperative spectrum sens-
ing communication model to admit transmission imperfections,
specifically, we consider the case where the localhard cognitive
radio decisions that are based onany local detection scheme are
corrupted by additive noise during transmission from cognitive
radios to cognitive base station. In addition, we consider the fact
that the CBS decision needs to be broadcasted back to the CRs.

We present simulations evaluating the performance of the
overall cooperative spectrum sensing system in realistic scenarios.
The simulation results suggest that the transmission and broad-
casting signal to noise ratio need to be above some thresholdlevel
in order to ensure that cooperative spectrum sensing provides
performance gains over non-cooperative ones. Moreover, we
provide further ideas and research directions towardscognitive
pilot channeling and in–network cooperative spectrum sensing.

I. COOPERATIVE SPECTRUM SENSING

Cognitive radio, a paradigm originated by Mitola, has
emerged as a promising technology for maximizing the uti-
lization of the limited bandwidth while accommodating the
increasing amount of services and applications in wireless
networks [1]. A cognitive radio (CR) transceiver is able to
adapt to the dynamic radio environment and the network
parameters to maximize the utilization of the limited resources
while providing flexibility in wireless access [2]. By detecting
particular spectrum holes and exploiting them rapidly, thecog-
nitive radio can improve the spectrum utilization significantly.
To guarantee a high spectrum efficiency while avoiding the
interference to the licensed users, the cognitive radio should
be able to adapt spectrum conditions flexibly.

One of the most critical issues of spectrum sensing is
the hidden terminal problem, which happens when a CR is
shadowed as depicted in Fig. 1. In this case, the CR cannot
reliably sense the presence of the PU due to very low SNR of
the received signal. Then, this CR assumes that the observed
channel is vacant and begins to access channel while the PU
is possibly still in operation. Cooperative spectrum sensing
(CSS) can greatly increase the probability of detection of

Fig. 1. CSS model (black devices denote the CRs): Several users are in
deep fading and some are more likely to detect the presence ofthe primary
user. When cooperative SS is considered then CRs transmit their soft/hard
decisions to a central processing unit,i.e., cognitive base station, to fuse the
local decision and determine the spectrum occupancy.

the PU in the spectrum of interest [3]. In general, CSS is
performed as follows [2], [4], [5]:

1) Every CR performs local spectrum measurements inde-
pendently and then makes a soft/hard decision.

2) All the CRs forward their binary decision to a common
receiver referred to as cognitive base station (CBS).

3) The common receiver fuses the decisions and makes a
final decision to infer the absence or presence of the PU
in the observed band.

In the hard decision case, each cooperative partner makes
a binary decision based on its local observation and then
forward single-bit decision to the CBS. At the CBS, all one-
bit decisions are fused together based on a fusion function [2].
This cooperative sensing algorithm is referred to asdecision
fusion. In an alternative form of cooperative sensing, each
CR can send its observation/soft decision value directly to
the CBS [6]. This approach can be seen asdata fusionfor
cooperative networks.

Remark 1 One-bit decision needs low bandwidth control
channel. Moreover, it has been recently shown that hard
decision approach can perform almost as well as that of the
soft decision one in terms of detection performance [7].



II. L ITERATURE REVIEW AND CONTRIBUTIONS

In the following, we discuss the state of the art work in
the CSS area, present their drawbacks and detail our main
contributions.

Although cooperative detection with a central processing
unit has a rich literature, see,e.g., [8]–[10] , the results are
not directly applicable to cooperative CRNs, and the study of
CSS for CRNs is rather limited. One of the most important
and critical components of the cognitive radio is spectrum
sensing and accordingly, detection of primary users (PUs).
However, the communication model adopted in the cooperative
spectrum sensing literature assumes noise-free communication
between the CRs and cognitive base station (CBS) [2]–[7],
which is clearly not the case in realistic cooperative spectrum
sensing scenarios and might lead to misleading performance
result interpretations that are crucial to the developmentof
cooperative cognitive radio systems. Only very recently, this
model has been extended to admit imperfect channels for the
soft decisionscase operatingonly with energy detectors [11],
[12]. Moreover, of note is that none of these work considers
the fact that the CBS decision needs to be relayed back to the
CRs.

In this paper, we also extend the cooperative spectrum
sensing communication model to admit transmission imper-
fections, however, we consider the case where the localhard
CR decisions that are based onany detection scheme, are
corrupted by additive noise during transmission from CRs
to cognitive base station (CBS). Moreover, we consider the
fact that the CBS decision needs to be broadcasted back
to the CRs. Thus, we consider a comprehensive cooperative
spectrum sensing scenario. The spectrum occupancy detectors
proposed in this paper operate on noisy local CR spectrum
vacancy detection results. Utilizing this extended cooperative
spectrum sensing model, we develop fast, practical, maximum
a posteriori (MAP) based and effective detector that is capable
of operating withany local CR detection scheme performing
at the CBS.

We present simulations evaluating the performance of the
overall cooperative spectrum sensing system in realistic sce-
narios. The results show that there is significant improvement
in the performance for spectrum sensing in terms of probability
of missed detection and probability of false alarm in detecting
a PU by performing cooperative spectrum sensing, especially
when the number of CR nodes is increased in a network.
Our findings also indicate that at least a 10dB of signal to
noise ratio is required for the cognitive pilot channel (CPC)
to convey the cooperative spectral information back to the CR
without much (negligible) loss in the information during the
transmission process.

We also discuss the concepts of cognitive pilot chan-
nel/cognitive signaling in order to broadcast the CBS decision
to CRs. The concept of CPC has been innovated very recently
and there are limited studies have been done in this arena [13],
[14]. However, they used CPC as a solution to assist the mo-
bile reconfigurable and cognitive terminals in heterogeneous

wireless scenarios with different access networks available
and varying spectrum allocation [15], [16]. Our proposed
CPC may support an intelligent coexistence and mitigation
technique between licensed and unlicensed radio systems. We
consider the UWB device as an example of CR, however
the methodology we described are applicable to any wireless
systems. Once a CR acquires knowledge about the spectrum of
its surrounding environment, then it adapts most appropriate
and unoccupied frequency for communication. In addition, we
outline the structure and methodology of CPC including flow
diagram.

Moreover, we discuss a system structure that is capable of
cooperatively sensing the spectrum without the need of a CBS:
in-network cooperative spectrum sensing. The envisioned in-
network cooperative spectrum sensing will integrateconsensus
algorithms into CRN framework and avoid the need of an
underlying network requiring a CBS.

A. Paper Organization

The remainder of this work is organized as follows. Sec-
tion III discusses the comprehensive cooperative spectrum
sensing model including noisy forward and reverse commu-
nications links adopted in this work. We present an effective,
hardware-friendly information fusion algorithm in Section IV.
The detector employed at the CR in order to detect the broad-
casted decision is presented in Section V. Numerical results
showing the effectiveness of the proposed fusion operator and
evaluating its performance in various scenarios are given in
Section VI. Some discussion about the cognitive signaling and
pilot channel is detailed in Section VII whereas the in-network
cooperative spectrum sensing idea is given in Section VIII.
Finally, we conclude with Section IX.

III. R EALISTIC SENSING AND COMMUNICATION MODEL

Formally, the extended cooperative spectrum sensing model
considered in this paper is as follows. We assume that each
CR performs local spectrum sensing independently. The CR
local spectrum sensing is to decide between the following two
hypotheses:

x(k; t) =

{

n(k; t), H0

s(t) + n(k; t), H1

(1)

where x(k; t), s(t), and n(k; t) denote the observed signal
at the k–th CR, the signal transmitted from the PU, and
the additive white noise. Note that this model is especially
valid when the CRs are close to each other, and their relative
distances are smaller than their distances to the PU, so that
they observe almost identical source signal. Moreover, we
define the spectrum sensing SNR as

γS ,
1

σ2
n

1

T0

∫ T0

0

|s(t)|2 (2)

whereT0, σ2

n denote the signal duration and the power of the
sensing noise, respectively.

Given the observed signal, thek-th CR makes a local
decision and determine if the PU is present by utilizing a



local decision functionΓ(·). This local decision can be based
on energy detection [17], coherent detection [18], cyclostation-
ary [19] and wavelet-based [20] feature detection. We denote
the local spectrum sensing decision of thek-th CR asb(k)
where

b(k) =

{

0, if Γ({x(k; t)}T0

t=0
) ⇒ H0

1, if Γ({x(k; t)}T0

t=0
) ⇒ H1

(3)

whereH1 implies that PU is detected andH0 implies that the
spectrum of interest is not occupied by a PU. We utilize the
probabilistic models given by

Pij = Pr{b(k) = i|Hj}, i, j ∈ {0, 1} (4)

to characterize the performance of the local spectrum detection
algorithm.

We further extend this model to include realistic channel
models by incorporating amplification factor and communi-
cation noise for both forward and reverse communication be-
tween the CRs and the CBS. The transmission of the decisions
from all the CRs to the CBS can be seen as a multiuser access
protocol which can be based on TDMA or FDMA. Thus, to
incorporate the imperfections in the communication mediums
between the CRs and the CBS, we consider communications
channels corrupted with additive white noise,i.e., the received
signal, in the baseband, is given by

y(k) = Am(k) + w(k)

wherem(k) = 2b(k) − 1 and, y(k), w(k) and A represent
the signal received at the CBS, the corrupting additive white
Gaussian noise between thek-th CR and CBS, and the
amplification energy, respectively. Given the received signal
set{y(k) : k = 1, 2, . . . , N}, the CBS’s goal is to determine
if PU is present in the spectrum of interest. Clearly, the SNR
of the communication channels is given by

γT ,
A2

σ2
w

where σ2

w denote the variance of the communication noise.
Thus, we consider the following sensing and transmission
scheme depicted in Fig. 2.

Moreover, let θ = Λ({y(k)}K
k=1

) ∈ {−1, +1} where
Λ(·) denotes the fusion operator and,+1 and −1 denote
the fact that the CBS decided that the spectrum is full and
empty, respectively, denote the decision that CBS decides on
after fusing all received corrupted local CR decisions,i.e.,
{y(k)}K

k=1
. The transmission from the CBS to CRs can be

seen as a broadcast channel. The CBS broadcasts the decision
over CPC and the received value at thek–th CR is given by

z(k) = Bθ + c(k) (5)

whereB andc(k) denote the broadcasting energy and noise in
the reverse medium with varianceσ2

c . The SNR of the reverse
broadcasting medium is given by

γR ,
B2

σ2
c

. (6)

Fig. 2. Schematic sensing and transmission model: CRs make local decision,
amplify and transmit their hard decision over noisy channels to the CBS.

Fig. 3. Reverse communication model: CBS broadcast the finaldecision
over noisy medium, the CRs detects the broadcasted value anddetermine the
occupancy of the spectrum.

Given the broadcasted received valuez(k), the CRs detect the
value transmitted from the CBS denoted asθ(k) and decide
on the occupancy of the spectrum. We, hence, consider the
reverse communication model shown in Fig. 3. Generally, the
broadcasting energy is large enough to minimize detection
errors at the CRs.

Remark 2 Although we consider i.i.d. case for both forward
and reverse communication mediums to simplify the presenta-
tion, of note is that one can further generalize this model to
admit CR dependent amplification factors and communication
noise variances.

IV. COGNITIVE BASE STATION : FUSION FUNCTION

We consider a two-step based information fusion algorithm
at the CBS after collecting the data from the CRs:

• Detect the transmittedb(k), ∀k ∈ {1, 2, . . . , K}, values
utilizing an optimal (MAP) detector.



• Fuse the detected̂b(k), ∀k ∈ {1, 2, . . . , K}, values to
determine the occupancy of the spectrum.

• Broadcast the final decision to the cognitive radios.

After fusing the estimated local decisions, the CBS transmits
back the final decision to the CRs.

Let us define the following quantities:

Pi , Pr{m(k) = 2i − 1} = Pr{b(k) = i}, i ∈ {0, 1} (7)

for all k ∈ {1, 2, . . . , K}. Then, the optimal MAP detector for
the additive white Gaussian noise (AWGN) channel is given
by

m̂(k) = sgn{y(k) − λTS} ⇒ b̂(k) =
m̂(k) + 1

2
(8)

where

λTS =
σ2

w

2A
log

(

P0

P1

)

. (9)

Of note is that the MAP detector also minimizes the proba-
bility of detection error [21].

Remark 3 Optimal MAP detector requires the knowledge of
Pi, i ∈ {0, 1} values that arepossiblyunknown at the CBS.
In the following, we present a computationally attractive and
effective estimator of these probabilities in case they are
unknown at the CBS.

In our recent work, we have shown that one can estimate
the priori probabilities from the received data and have an
estimate of the optimal threshold [22]:

λ̂TS =
σ2

w

2A
log

(

A − ∆(y)

A + ∆(y)

)

. (10)

where for allu ∈ R
K×1, we define the following:

∆(u) ,
1

K

K
∑

k=1

u(k). (11)

Now given the estimated{b̂(k)}K
k=1

values –usingλTS (λ̂TS)
if the priors are (un)known–, the CBS decision statistic is
obtained as in the following:

θ = sgn{∆(b̂) − φ} (12)

whereφ denotes the decision threshold utilized at the CBS,
and+1 and−1 denote the fact that the CBS decided that the
spectrum is full and empty, respectively. This decision statistic
is then broadcasted to the CRs.

V. COGNITIVE RADIO : DECISION FUNCTION

Given the received broadcasted signal from the CBS, the CR
simply uses a decision threshold to determine the occupancy
of the spectrum:

θ(k) = sgn{z(k) − ρ} (13)

where θ(k) and ρ denote the decision of thek–th CR and
decision threshold, respectively. It is of importance to note
that the CBS broadcasting energy is generally large enough

to minimize the detection error of the cognitive radio decision
θ(k).

VI. N UMERICAL RESULTS

In this section we present some simulation results for
cooperative spectrum sensing at the CBS based on the MAP
algorithms provided in the previous section. In our simulation
model we assume the followings,

• The signal to noise ratio valuesγS for sensing the PU at
all the K nodes are the same.

• The signal to noise ratio valuesγT for the received signal
y(k) at the CBS from all theK nodes are the same.

• The signal to noise ratio valuesγR for the received signal
z(k) at all theK nodes from the CBS are the same.

Note that this model is especially valid when the CRs are
close to each other, and their relative distances are smaller than
their distances to the PU, so that they observe almost identical
source signal, for instance, if the primary user is WiMax or
UMTS (Universal Mobile Telecommunications System) since
its communication radius is significantly larger compared to
that of UWB. The performances of the receiver for detecting
the presence of a PU is measured in terms of the Receiver
Operating Characteristic (ROC) curves. The ROC curves are
plotted with the probability of false alarm on the x-axis andthe
probability of missed detection on the y-axis for the detection
of a PU. In our analysis, we are interested in observing the
ROC curves by changing the number of nodesK and the
signal to noise ratio values for each of the communication
links.

Figure 4 shows the ROC curves at the CBS by varying
the signal to noise ratioγT for γS=0dB and K = 10.
The ROC curves in Fig. 4 clearly show the improvement on
the receiver performances whenγT is increased. The ROC
performance at the CBS was also observed by increasing the
number of nodesK for a given value ofγT . The corresponding
results are depicted in Fig. 5 for the values ofγT =0dB and
γS=0dB. From the results shown in the figure, we observe
that the probability of false alarm and the probability of
missed detection are improved when the number of nodes
increases.This is the main advantage gained by performing
cooperative spectrum sensing by using the spectral sensing
information obtained at the individual nodes. From the
figure we also see that forK = 50 the probability of miss
detection and the probability of false alarm are closer to 1%
which is considered to be reasonably good given the low signal
to noise ratio values ofγS=0dB andγT =0dB.

The fused spectral information at the CBS is then trans-
mitted back to the CRs by means of broadcasting using the
CPC. Since we assume that there is noise in the broadcasting
channel (CPC), given byz(k), we are interested in observing
the performance degradation in the ROC curves at a given
CR that receives the spectral information from the CBS.
From a communication systems engineer’s point of view it
is desirable to have the ROC performance at the CR almost
similar to the performance at the CBS, such that there is
no (negligible) information loss in the detection process due
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Fig. 4. ROC curves at the CBS for different signal to noise ratio valuesγT ,
for K = 10 andγS=0dB.
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Fig. 5. ROC curves at the CBS for differenK, for γS=0dB andγT =0dB.

to noisy transmission. In Fig. 6 we present the ROC curves
at a given CR node for varying signal to noise ratio values
γR. From the figure we observe that the detector at the CR
can achieve the same performance as the CBS in terms of
the probability of false alarm and the probability of missed
detection for signal to noise ratio valuesγR ≥10dB. This result
is very important when designing the CPC for broadcasting
information to the CRs, especially in deciding on the value
of the transmit power in order to have reliable communication
between the CBS and the CRs. Further from Fig3, we observe
that when the signal to noise ratioγR is reduced the probability
of missed detection and the probability of false alarm both
increase, or in other words the confidence limit in conveying
the cooperative spectral information gathered by the CBS
worsens asγR is reduced below 10dB.

Figure 7 on the other hand depicts the ROC curves at
a particular CR for differentγR by varying the detection
threshold for the fusion decisions at the CBS. From the figure
again we see that forγR ≥10dB the ROC performance at the
CR has negligible degradation compared to the performance
at the CBS, which is given by the curve atγR = ∞ in the
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Fig. 6. ROC curves at a given CR node, for the CBS to CR communication
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figure.

Therefore, from the results shown in this section we can
say that at least a 10dB of signal to noise ratio is required
(γR ≥ 10dB) for the CPC to convey the cooperative spectral
information back to the CR without much (negligible) loss in
the information during the transmission process.Moreover, it
is also evident that from the simulation results that for a
given number of CRs K in the cognitive network when
the SNR for the transmission medium and broadcasting
CPC link γR is reduced further, then the non-cooperative
spectrum sensing might give better performance over
the cooperative spectrum sensing technique due to the
transmission errors in the CPC broadcasting link.Current
research focuses on determining the exact SNR levels after
which cooperative spectrum sensing begins providing advan-
tages over the uncooperative one.



VII. B ROADCASTING CONTEXT AWARENESS VIA

COGNITIVE SIGNALING

In this section, we further elaborate on the broadcasting
of the CBS and present research directions and ideas in
addition to the model adopted here. We outline the concept
of cognitive pilot channel (CPC) for reverse communication
from CBS to CRs in order to inform the CRs the CBS’s final
decision. Although, we consider the (Ultra Wide Band) UWB
device as an example of CR, the following CPC broadcast
concepts including the methodology are applicable to any
radio technologies.

A. Definition and Functionalities

CPC is a type of logical and physical channel which is more
suitable particularly for cognitive/reconfigurable radios that
support the techniques such as flexible spectrum management,
DSA (Dynamic Spectrum Allocations) [23]. Our ideas for
using such CPC to support an intelligent coexistence man-
agement strategy between a narrowband system (for example
WiMax (Worldwide Interoperability for Microwave Access),
WiFi (IEEE 802.11)) which is overlapped by their in-band
or out-of-band with UWB (Ultra Wide Band) personal area
network system. It is expected that the approach will guide the
way toward a co-operative coexistence between the cognitive
radio enabled UWB devices and the above mentioned narrow-
band future wireless systems. Figure 1 depicts the scenario
of the model in which we assumed thatK number of short
range cognitive CR are located very close to each other and
the distance among them are much smaller compared to the
distance from primary user to any CR. The model is especially
valid if the primary user is WiMax or UMTS (Universal
Mobile Telecommunications System) since its communication
radius is significantly larger compared to that of UWB.

B. Context Definition

CPC may broadcast the environment sensing results, which
regard to frequency bands, services, time parameters, location
and situation, etc, to native CR UWB systems for feasible
cooperation and negotiation. With such information, CRs can
initiate a communication session in an optimized way, taking
advantage of situation and location, and spectrum information.
In particular, since under DSA, due to dynamic relocation
mechanisms CRs do not know the available spectrum, it
is more critical to adopt cognitive UWB pilot channel to
broadcast such information to terminals who want to set up a
communication session. Generally, CPC may carry two types
of information:

• Information concerting the primary user frequency, loca-
tion, etc

• Various types of information for CRs such as the trans-
mission frequency and power, channel modulation and
coding, etc.

Fig. 8. Flow diagram of CPC methodology.

C. Structure of Cognitive Pilot Channel

The cognitive signaling will be transmitted by a dedicated
sub-band within UWB frequency band. As the physical fea-
tures (e.g.frequency, bandwidth, modulation, etc) of the UWB
systems differ from low data to high date rate therefore it
will be optimum to decide a common frequency with equal
channel bandwidth that in prior all the CRs are aware of
the CPC physical channel features. So it switches to the
common frequency during scanning mode. However, in order
to design efficient CPCs, one needs to investigate its data rate,
modulation, coding, transmission power, etc. It is necessary to
have a low redundancy and reliable transmission of cognitive
signaling. Therefore the signal should be designed using robust
modulation and coding schemes. The power emission of the
signal should be maintained as high as possible. Since the
wide channel bandwidth and high data rate is not required for
designing cognitive signals therefore it is possible to transmit
the signal with maximum power agreed on the FCC or ECC
regulation if a Low Duty Cycle (LDC) technique is applied.
Through the ECC decision, UWB devices implementing LDC
will be permitted to operate at a level of -41.3 dBm/MHz
in the frequency band with some particular requirements like
mean tone off should be higher than 38 ms (average over 1
sec) [24].

D. Procedure and Delivery Strategy

There are two strategies currently being discussed for de-
livering the CPC, namely on-demand and broadcast [23]. On-
demand is appropriate approach if the number of CRs is small.
Also, it is more efficient from the power consumption point
of view since CPC will be transmitted only when required
or requested by a CR. However, periodic broadcasting is a
good approach when the system is slowly varying. Figure 8
depicts the methodology of CPC. When CPC power is on, it
first detects the CPC, if it is not detected then it goes directly
to scanning phase. A CR will scan all necessary frequencies.
Once the scanning is finished, CR sends its scanning result to



CBS, whose tasks are to gather scanning results from all the
CRs and make a cooperative binary decision. If PU is present,
then CBS forms the CPC with binary bit “1”, otherwise binary
“0”. On the CR side, once it detects the CPC, it verifies
whether 1 or 0. If it is 1 then CR sets up a communication
link by avoiding the primary frequency band, otherwise no
restriction is applied.

The whole procedures and operations of CPC can be divided
into two phases: initial phase and in-operation phase. During
initial phase, CR searches for CPC after power on. Then
it extracts the necessary information and selects its physical
parameters so as to setup a communication link. Next, the CR
enters into the in-operation phase, during that time, the CR
has to listen to the CPC either continuously or periodically
for updating the changes of composite radio environment. If
the environment changes rapidly, for instance, a new wireless
network is entering and existing one is leaving, in such case
the continuous CPC listening is needed.

VIII. F URTHER DISCUSSIONS: FULLY DISTRIBUTED

COOPERATIVE SPECTRUM SENSING

CSS techniques vastly considered in the current literature
rely on the presence of a CBS capable of performing the tasks
required to fuse the received local CR decisions. The CBS
based CSS have however direct implications to consider in
practical applications; to name a few:

• High transmission power required at each CR to transmit
its local information to the CBS, that is proportional to
the covered geographic area

• Lack of robustness in case of CBS failures
• Limited bandwidth available for coordination
• CBS needs to broadcast the final decision to the cooper-

ating CRs.
It is intuitive to consider a CSS scheme with a CBS from

both theoretical and practical point of view as a first step
to understand the issues underlying CSS, and subsequently
CRNs. However, innovation of algorithms capable of sensing
the spectrum occupancy without the need of a CBS is of sig-
nificant interest for applications envisioned for future CRNs.
Providing fully distributed in-network algorithms capable of
sensing the spectrum cooperatively will open new directions
and possibilities to CRNs. Thus, it is important to create
models and algorithms capable of cooperatively sensing the
spectrum without the need of a CBS as fully distributed CSS
will take the CR paradigm one step further.

Consensus algorithmsare iterative communication schemes
allowing every node in a network to reach a state of agreement
on a physical phenomena relying only on local communica-
tions [25]–[28]. The In-Network Cooperative Spectrum Sens-
ing can integrate consensus algorithms into CRN framework
under a complete and realistic near-neighbor communication
model, see Fig. 9. The design should clearly take into account
the optimal fusion operators developed in the case of a CBS
presence, and ideally, fully distributed consensus algorithms
will make all the nodes to reach a consensus on the decision
that a CBS would have decided if there was one. After

Fig. 9. Distributed consensus based CSS model (black devices and red
circle denote the CRs and the spectrum hypothesis, respectively) where each
CR performs local SS, then utilizing only local neighbor communications,
cooperatively decides the occupancy of the spectrum (two way arrows indicate
that the two CRs at each end of the arrows can communicate to each other).

designing consensus techniques achieving the goal of a CBS
without the presence of one, their performance, specifically
parameters such as (mean square error) MSE, convergence rate
and computational complexity, should be investigated through
extensive theoretical and simulation studies. These finding
need to be contrasted to those of a CSS scheme with a CBS,
i.e., to those of centralized CSS.

Thus, the far-reaching idea of fully distributed in-network
SS algorithms will take the CRNs beyond their current state
and open new application venues and research directions by
allowing the CRN to operate without an underlying network
for CSS and without a central processing unit. Comprehensive
analysis of developed efficient fully distributed CSS schemes,
in addition to broadening the horizons of SS within the CRNs,
will also allow to compare fully decentralized and centralized
SS algorithms, and to draw definite conclusions regarding the
advantages/disadvantages of both approaches.

IX. CONCLUDING REMARKS

In this paper, we presented and analyzed a simple but
comprehensive model for cooperative spectrum sensing. Con-
sidering the fact that the cognitive base station receives noisy
versions of local CR decisions, we developed a fusion operator
that is hardware-friendly and easy to implement. We have
shown through simulations that the proposed fusion operator
yields good performance in various scenarios. In our model,
unlike the previous models, we have also considered the fact
that the final cognitive base station decision needs to be
broadcasted to the cognitive radios. Simulation results suggest
that cooperative spectrum sensing is beneficial when SNR
at the forward and reverse transmission mediums arelarge
enough, i.e., our findings indicate that at least a 10dB of
signal to noise ratio is required for the CPC to convey the
cooperative spectral information back to the CR without much
(negligible) loss in the information during the transmission
process. However, they also suggest that for a given number
of CRs, when the SNR for the transmission medium and



broadcasting CPC link is reduced further below a threshold,
then the non-cooperative spectrum sensing might give better
performance over the cooperative spectrum sensing technique
due to the transmission errors in the CPC broadcasting link.
We also discuss some design and delivery strategies for the
CPC link. Finally, we present directions towards the far-
reaching idea of in-network cooperative spectrum sensing.
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