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Cooperative Spectrum Sensing: A Blind
and Soft Fusion Detector

Jingwen Tong, Ming Jin"™, Qinghua Guo, Member, IEEE, and Youming Li

Abstract— Cooperative spectrum sensing has been studied to
combat the hidden terminal problem by exploiting the spatial
diversity in cognitive radio (CR) networks. This paper concerns
blind cooperative spectrum sensing with soft fusion, where the
a priori knowledge of channels and primary signals is unavail-
able, and soft information is transmitted from each secondary
user (SU) to a fusion center for detection. We first introduce
the Quade test to design a blind detector. Then, a new detector
with both lower computational complexity and lower overhead
is derived, where only the estimated power and the variance of
the instantaneous power at each SU are required at the fusion
center. The analytical expressions for the detection performance,
in terms of false-alarm probability and detection probability, are
derived for the proposed detector. Simulation results are provided
to validate the theoretical analyses and demonstrate the superior
performance of proposed detector compared to the state-of-the-
art detectors. It is also shown that, with the increase of the
number of hidden terminals in the CR, the proposed detector
can maintain high detection performance while the conventional
detectors exhibit rapid performance degradation.

Index Terms— Cognitive radio, cooperative spectrum sensing,
soft fusion, blind detection.

I. INTRODUCTION

UE to the explosively increasing demands for radio
spectrum resources, the static spectrum allocation policy
faces the challenge of spectrum scarcity [1], [2]. Cognitive
radio (CR) allows secondary users (SUs) to opportunisti-
cally access the idle frequency bands allocated to primary
users (PUs), and is promising to tackle the challenge [3]-[5].
To probe available spectrum holes and avoid unacceptable
interference to PUs, SUs need to sense the activities of PUs
reliably. Hence, spectrum sensing plays a key role in CR
networks [6].
In non-cooperative spectrum sensing, spectrum sensing
is performed at a single SU to make a decision on the

Manuscript received August 8, 2017; revised November 21, 2017 and
January 26, 2018; accepted January 31, 2018. Date of publication
February 9, 2018; date of current version April 8, 2018. This work was
supported in part by the National Natural Science Foundation of China under
Grant 61301152 and Grant 61571250, in part by the Australian Research
Councils DECRA under Grant DE120101266, in part by the Zhejiang
Natural Science Foundation under Grant LY 18F010008, and in part by the
K. C. Wong Magna Fund from Ningbo University. The associate editor
coordinating the review of this paper and approving it for publication was
E. A. Jorswieck. (Corresponding author: Ming Jin.)

J. Tong, M. Jin, and Y. Li are with the Faculty of Electrical Engineering
and Computer Science, Ningbo University, Ningbo 315211, China (e-mail:
jwentong0203 @qq.com; jinming@nbu.edu.cn; liyouming@nbu.edu.cn).

Q. Guo is with the School of Electrical, Computer and Telecommunications
Engineering, University of Wollongong, Wollongong, NSW 2522 Australia
(e-mail: qguo@uow.edu.au).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TWC.2018.2801833

presence of primary signals [7]. A variety of non-cooperative
spectrum sensing techniques have been proposed, such as the
energy detection (ED) [8], [9], cyclostationary detection [10],
compressive sensing detection [11], pilot/cyclic-prefix based
detection [12]-[14] and covariance matrix-based detection
(including covariance absolute value and eigenvalue-based
detectors) [15]-[19]. However, non-cooperative spectrum sens-
ing may suffer from the hidden terminal problem due to deep
fading and shadowing effects, resulting in unreliable sensing
performance [20].

Taking advantage of the spatial diversity by deploying
multiple distributed SUs, cooperative spectrum sensing is
able to effectively overcome the hidden terminal problem,
and it has become an important option in CR networks.
Some of the above mentioned detectors can be directly
applied to cooperative spectrum sensing. For example, the
eigenvalue-based detectors (including the maximum-minimum
eigenvalue (MME) detector [17], the arithmetic-to-geometric
mean (AGM) detector [18] and the maximum-to-arithmetic
mean (MAM) detector [19]) can be used to perform coopera-
tive spectrum sensing at the fusion center based on the signal
samples transmitted from all SUs. However, the transmission
of data from SUs to the fusion center leads to high overhead.
To reduce the overhead, different fusion approaches have been
proposed by transmitting only a small amount of sensing
data to the fusion center. The fusion approaches can be
mainly categorized into hard fusion and soft fusion [21]-[23].
In hard fusion, each SU first makes a local decision based
on its own recorded data, and then transmits its local deci-
sion to the fusion center. After collecting all local decisions
from SUs, the fusion center makes a final decision on the
presence/absence of primary signals. Considering that con-
ventional binary local decision may induce a large amount
of information loss, Shah ef al. [21] and So and Sung [22]
investigated hard fusion based on multi-bit quantized local
decisions. It was pointed out that the degree of difficulty for
designing a hard fusion approach will increase quickly with
the bit number for quantization, and two-bit local decisions
are often taken in practice [21], [22]. Hence, hard fusion may
result in inferior performance compared to soft fusion.

The current focus of soft fusion is mainly on weighting
estimated power values collected from SUs, and optimal
weighting coefficients were designed for different kinds of
channels [23], [23]-[29]. In [23], a modified deflection coef-
ficient based linear fusion approach was proposed for slow
fading channels. In [24], an optimal soft fusion rule was
derived under the assumptions of Gaussian primary signals and
known signal-to-noise ratios (SNRs). It was further shown that

1536-1276 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: Hong Kong University of Science and Technology. Downloaded on October 25,2022 at 13:28:25 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0002-9824-7647

TONG et al.: COOPERATIVE SPECTRUM SENSING: BLIND AND SOFT FUSION DETECTOR

the equal gain combining (EGC) [25] and the maximal ratio
combining (MRC) fusion rules are near-optimal at high and
low SNRs, respectively. With the assumption of deterministic
but unknown primary signals, an optimal soft fusion rule was
derived in [23] and [26]. However, these rules require the
statistical characteristics of the received power under both
hypotheses. In [27], an average likelihood ratio detector was
derived under flat fading channels, in which the Nakagami-m
and log-normal distributions were used to model the small-
and large-scale fadings, respectively. However, this detector
requires the statistical distributions of the small- and large-
scale fadings. In [28], optimal and sub-optimal soft fusion
rules were derived for fast Rayleigh fading channels with
known distributions, where the channel gains due to the large-
scale fading are assumed to be known. In [29], an optimal
fusion rule based on the likelihood ratio test was proposed
for block-fading channels, where the Nakagami-m distribution
was used to model the small-scale fading and the channel
gains due to the large-scale fading are assumed to be known.
This rule was re-investigated for the case of Rayleigh small-
scale fading channels in [30]. In summary, all the above soft
fusion rules except the EGC require the a priori statistical
knowledge of channels from PU to SUs. The acquisition of
the a priori knowledge will impose additional burdens to
SUs and sometimes it may be difficult or even impractical to
acquire the knowledge, e.g., in the scenario that the channel
gains are time varying. Although EGC does not require the
a priori knowledge of channels, it needs the noise power
to set the decision threshold. Hence, EGC is a semi-blind
detector and its performance can degrade severely under noise
uncertainty [31].

In this paper, we assume that the a priori knowledge of
channels and primary signals is unavailable, and develop a
blind soft fusion detector. Although the a priori knowledge
of channel gains is unknown, we assume that the channel
gains from a PU to SUs are different due to spatial diversity.
It is assumed that the signals undergo channels with small-
and large-scale fadings, and the channel gains due to large-
scale fading keep constant within a sensing duration, while
the channel gains due to small-scale fading may be time-
varying within a sensing duration. The differences of this
work compared to existing ones and the main contributions
are summarized in the following.

« We consider soft fusion detection for cooperative spec-
trum sensing with the assumption that the a priori
knowledge of channels and primary signals is unavailable,
where the existing soft fusion approaches (except EGC)
are not applicable.

o« We first develop a Quade test-based blind cooperative
sensing detector with soft fusion. To the best of our
knowledge, it is the first time to introduce the Quade
test to the field of spectrum sensing. To reduce the
computational complexity, we then devise a new detector,
which delivers significantly improved performance but
with much lower complexity compared to the Quade test-
based one.

o As the new detector still involves high overhead due to
the requirement of data transmission from SUs to the
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Fig. 1. Cognitive radio network for spectrum sensing.

fusion center, we step further and propose an equivalent
detector, which only requires the power and variance of
instantaneous power at each SU, leading to a significant
reduction in overhead.

« We show that, with the increase of the number of hidden
terminals, the conventional cooperative spectrum sensing
detectors exhibit rapid performance degradation. In con-
trast, our proposed detector can maintain high detection
performance.

The remainder of this paper is organized as follows. The
signal model is introduced in Section II. In Section III,
the Quade test is employed to implement blind cooperative
spectrum sensing, and an analytical expression for the false-
alarm probability is derived. In Section IV, we propose a
new blind cooperative detector and derive theoretical expres-
sions for its false-alarm probability and detection probability.
Simulation results are presented in Section V and concluding
remarks are made in Section VI.

Notation: E[-] and V[-] represent the expectation and vari-
ance operators, respectively. In(-) denotes the natural log-
arithm, T'(-) denotes the Gamma function, B(-,-) denotes
the beta function, and B(:; -, -) denotes the incomplete beta
function. R(-) denotes the real part of a number, and (-)* is
the conjugate operator. CA'(a, b) represents a proper complex
Gaussian distribution with mean a and variance b, N(c, d)
represents a real Gaussian distribution with mean ¢ and vari-
ance d, Gamma (a, f) represents a gamma distribution with a
shape parameter o and a scale parameter S, and Beta (a, f)
represents a beta distribution with shape parameters a and f.
Let Ho represent the null hypothesis, i.e., PUs are inactive, and
‘H; represent the alternative hypothesis, i.e., PUs are active.
The false-alarm probability P; is defined as Prob(Reject
HolHo is true) where Prob(-) represents the probability of an
event. The detection probability P; is defined as Prob(Accept
Hi|H; is true), and the miss-detection probability P, is
defined as 1 — P; = Prob(Reject H|H is true).

II. SIGNAL MODEL

We consider a CR network in Fig. 1, where L distributed
SUs are deployed uniformly within the coverage of a PU. The
CR network is allowed to opportunistically access the idle
channel which is allocated to the PU. To avoid interfering PU
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receivers which may be located within the coverage of the CR
network, the CR network needs to perform spectrum sensing
before accessing the channel. In cooperative spectrum sensing,
SUs sent their information to the fusion center through a
dedicated channel, and the fusion center makes a final decision
on the presence/absence of primary signals. So, we have the
following binary hypotheses: H; representing that the PU is
active, and Ho representing that the PU is inactive.

Assume that each SU obtains K samples within a sensing
duration. With the above binary hypotheses, the kth (k =
1,2,---,K) sample at the Ith ({ =1,2,---, L) SU is given

by

.mm=[m“” o )

hi(k)/gisi(k) + ni(k), Hi

where n;(k) denotes the additive independent and identically
distributed (i.i.d.) circularly symmetric complex Gaussian
noise with mean zero and variance anz, ie., nik) ~
CN(0,02); si(k) = s(k — 7;) denotes the received primary
signal at the /th SU with a time delay of 7; and the transmitted
primary signal s(k) is assumed to be Gaussian distributed with
mean zero and variance 052, ie., s(k) ~ CN(O, 052); g1 denotes
the power gain due to large-scale fading and A; (k) denotes the
small-scale fast fading channel from the PU to the /th SU. It is
assumed that g; is time-invariant during a sensing duration,
and the primary signals and the channel gains are independent
of each other. Considering that the SUs are distributively
deployed to overcome the hidden terminal problem, we assume
that g; follows a log-normal distribution, i.e., the probability
density function (PDF) of g; is given by [32]

1 _ (lnu—y:)2
e 262

fgl (u) =

(2)
u2mro

where x4 (in dB) and ¢ (in dB) are the mean and standard

deviation of In g;. In addition, we assume Nakagami—m small-

scale fading channels. Let h;(k) = |h;(k)|e/?"? where 6 is

uniformly distributed on [0, 1) and the PDF of |A; (k)| is given

by

__u_
Q/m

1
o, U
()" Tm)
with Q being the average power gain of the Nakagami-m
channels and m > 0.5. It is well known that the Rayleigh
and one-sided Gaussian distributions are the special cases of
the PDF in (3) with m = 1 and m = 0.5, respectively.

Let e, be the instantaneous power of the received signal
at the kth time instant of the /th SU, i.e.,

ek = lx (k)% (4)

Thus, the CR network has a total of LK instantaneous power
values in a sensing duration. Arrange the LK instantaneous
power values in a matrix as

m—1

Sy () = (3)

el el elK
€1 €22 €2 K

P= . (%)
er1 eLp2 €L.K
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where the /th row are the instantaneous power values from the
[th SU.

ITII. QUADE TEST-BASED COOPERATIVE
SPECTRUM SENSING

The Quade test is a non-parametric test for heterogene-
ity among multiple treatments [33]. The spatial diversity in
cooperative spectrum sensing leads to heterogeneity among
the powers at different SUs, which can be detected with the
Quade test. In this Section, we introduce the Quade test to the
field of spectrum sensing, develop a Quade test-based detector
for cooperative sensing, and analyze its performance.

A. Quade Test-Based Detector

After collecting all the LK instantaneous power values from
the SUs (i.e., the power matrix P is available), the fusion center
can perform detection with the Quade test-based detector as
detailed in the following. Firstly, rank the elements along each
column in P, which gives a rank matrix R as

L2 rLK
rn1 2 K

R = (6)
rL,1 rLp2 rL.K

Take the kth columns of P and R as an example. If the
instantaneous power ¢;x in P is the pth largest one among

{e1 k. €2k, -+ ,er k), then rx in R takes on the value of
the integer p. In other words, the vector [ry x, 2k, - 7L k]
is a permutation of the integer vector [1,2,---, L]. Then,

the kth column of R is weighted by a coefficient g € [1, K].
The value of g is determined so that mlax ek — mlin el 1s

the grth largest one among {mlax e;,1 — min el’l,mlax ey —
mine; o, -+ ,maxe; x — mine; g }. It can be shown that g

is independent of the elements in R due to the ranking
operation [33]. Subtracting the mean of r;; of R, i.e.,

I P L+1
rszZruF—Z :

(N
=1 k=1
and weighting the kth column with g, we obtain that
21,1 21,2 21L,K
22,1 222 22,K
o : ®)
L1 L2 LK
where
21k = qr(rie — 7). ©)

Finally, the test-statistic of the Quade test-based detector is
given by [33]

Touade = (K — )= 21 (10)
Zr — 7
where
| L (K 2
LZ?;QﬁM) (11)
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and
L K

Zy=2 > ik

=1 k=1

12)

can be regarded as the variances of weighted ranks. By com-
paring Tguade With a given decision threshold 4, the decision
on the presence or absence of primary signals can be made.

Now, we explain the rationale behind the test-statistic
TQuade- It can be obtained that Z, in (10) is a constant no
matter whether primary signals are present or not. Under H,
the instantaneous powers {e; } at all SUs are i.i.d. Because the
probability that continuous random variables are equal is zero,
we can obtain that r; ; (which is the rank of e; ) is uniformly
distributed over the integer set [1,L] and ¥ = (L 4+ 1)/2
under Ho. Hence, due to the independence between gy and 7y,
we have

Elz;x|Hol = Elgi]E[r;r — 7] =0 (13)

which means that Z; is close to zero under Ho. Under Hy, 17k
is no longer uniformly distributed because of the non-identical
distributions of {e; x} among different SUs, thus

Elz; x|H11 # 0.

Because {e;x, Yk} are i.i.d., {r;x,Vk} are also i.i.d. Hence,
the mean of r;  —r is independent of k. In addition, gy is larger
than zero. Thus, {E[z; x|H1], Yk} are either all positive or all
negative under Hj. Therefore, (Zle Zl,k)2 is statistically
larger under H; than under Hy, and Z; is statistically larger
under H than under Hy. Therefore, the test-statistic TQuade in
(10) can be used to discriminate the hypotheses Hp and H.

(14)

B. False-Alarm Probability and Decision Threshold

We give analytical expressions for the false-alarm probabil-
ity and decision threshold of the Quade test-based detector.
They can be derived based on the following proposition
in [34].

Proposition 1 (See [34], Sec. 6.3.4): The test-statistic TQuade
in (10) asymptotically follows the F-distribution with degrees
of freedom (DoF) of L — 1 and (L — 1)(K — 1) under Hy, i.e.,

TQuade ~ Fay,ds (15)

where Fy, 4, denotes the F-distribution with DoF of di =
L—1landd,=(L—1)(K —1).

With Proposition 1, we can obtain that the analytical
expression of false-alarm probability with a given decision
threshold 4 is given by

dy d
Pr=1-1 a —1, 2
it \ 2 2

where I, (a, b) is the regularized incomplete beta function

(16)

B(u; a, b)
I b)= ———— 17
u(aﬂ ) B(a, b) > ( )
with B(u; a, b) being the incomplete beta function
u
B(u;a,b) = / N1 =P lar (18)
0
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and B(a, b) being the beta function

1
B(a, b) :/ 71 = )b lar. (19)
0

The analytical expression of decision threshold with a given
false-alarm probability Py is given by

dy+dy dy dy\ di do
A= B 1—-PHB|—,—), —, — 20
£ (0 (,2).94,2) o

denotes the inverse function of

IV. NEW BLIND COOPERATIVE SPECTRUM SENSING AND
ITS PERFORMANCE ANALYSIS

The Quade test-based cooperative spectrum sensing involves
high computational complexity due to the ranking operations.
Moreover, the original instantaneous power values are not
used in the Quade test, inducing certain performance loss.
To overcome the above drawbacks, we propose a new blind
detector for cooperative spectrum sensing. First, the ranking
operation is removed and the instantaneous power values at
SUs are directly employed, which can potentially improve
the detection performance while reducing the computational
complexity. Second, it was pointed out in [33] and [35] that
it is grossly inefficient to use the weighting when ranking
operations are not taken, and we can significantly reduce the
overhead of reporting local data from SUs to the fusion center
by removing the weighting operations. The above will lead to a
new detector with better performance and lower computational
complexity and overhead. It will be shown in Section V
that the new detector outperforms the Quade test-based one,
and even delivers a better performance than the ideal EGC
(i.e., EGC with exact noise power).

A. New Detector

Following the idea of the Quade test and replacing the ranks
rix in (10) with the corresponding power e x, we can obtain
a detector whose test-statistic is given by

T, = (K — 1)L Q1)
0y — 0
where
| LK 2
0= lzzl(kzl ez,k) (22)
and
L K
0, = Z Z € (23)
I=1 k=1
with
| LK
€Lk = W (el,k ~IK > ez,k) (24)
I=1 k=1
and
wr = mlax ek — mlin el k. (25)
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In the Quade test, the weighting factor g, was introduced
to compensate the information loss caused by the use of the
ranks (rather than the original power values) [33]. As we are
using the instantaneous power values directly in building our
test-statistic, we may remove the weighting factor wy in (21),
leading to a new detector

S
Tproposed = (K - 1) S, — S (26)
where
| L(K 2
S1=— S, 27
1 Kf;g;(:;g; L%) (27)
and
L K
Sr=> > sk (28)
I=1 k=1
with
| LK
Slk = €lk — K Z Zel=k' 29)

I=1 k=1
From the expression of Tproposed in (26), we find that the
fusion center still requires all e; x from SUs. Thus, this detector
has the same overhead of data transmission from SUs to the
fusion center as the Quade test-based detector. To reduce the
overhead, we derive an equivalent one for the detector in (26).
By the Cauchy-Schwarz inequality, we have
2

K K
(ZSU‘) <K Zslz,k‘
k=1 k=1

Because the elements in {s;x} are continuous random vari-
ables, the probability that the left term equals the right one
in (30) is zero. Hence,

(30)

2

K K
(z) K3
k=1 k=1

3D

and then
(32)
Eq. (32) gives that

(33)

Thus,
Si

S — 8
Si
5
_5
1 )

Tproposed = (K - 1)

= (K -1 (34)
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is a monotone increasing function with respect to Si/S>.
Therefore, the detector Tproposed in (26) is equivalent to

L L[k 2
o hZ(Zou)
1 =1 \k=1
Tproposed = S_ = L (35)
DID I
I=1k=1

After some manipulations, the test-statistic in (35) can be
further rewritten as (36), shown at the bottom of this page.

Let
| X
tey = < DLk (37)
k=1
be the estimated power at the /th SU, and
K
A 1 L2
b = < 2 (erk — i) (38)
k=1

be the estimated variance of the instantaneous power at the
/th SU. By using (37) and (38), the test-statistic in (36) can
be rewritten as

L

> (m€1 -

=1
Tproposed = 7"

L L
2662/—’_2(’/;\191_%
=1 =1

It can be observed from (39) that, to calculate Tproposed at
the fusion center, only two parameters (i.e., 7., and 133/) are
required to be transmitted from the /th SU. This significantly
reduces the overhead of data transmission from SUs to the
fusion center.

There are mainly three differences between the proposed
detector and the Quade test-based detector in (10) as summa-
rized in the following.

« No ranking operation is required by the proposed detector,

which leads to lower computational complexity;
o The overhead of data transmission is significantly reduced
by using the proposed detector in (39);

o In (10), Z» is a constant, while in (35), S, is a random
variable. This increases the difficulty in theoretical per-
formance analysis of the proposed detector.

B. False-Alarm and Detection Probabilities
In the following, we derive analytical expressions for the
false-alarm and detection probabilities of the proposed detector
in (39).
Proposition 1: The detector Tproposed in (39) under Ho
approximately follows a beta distribution as
L—1 L(K-1)
—55)

5 (40)

Tproposed|H0 ~ Beta (

(36)

Tproposed =

4
K
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Proof: See Appendix A. |
Base on Proposition 2, we can obtain that the PDF of
Tproposed|H0 is given by

1 . i
Wt @y

fTProposed|H0(u) = L—1 L(Kfl)

B (T =5 )
with 0 < u < 1. The corresponding cumulative distribution
function is given by

L-1 L(K—l)) )

FTproposed\'Ho (u) =1, (T’ #
and thus the false-alarm probability for a given decision
threshold /1 reads

Pf =1- FTproposed|H0 (/1) (43)

Proposition 2: With sufficiently large K and L, the detector
Tproposed in (39) under H; approximately follows a beta
distribution as

Tproposed|H1 ~ Beta (a1, $3) (44)
where
L—1 45)
o) = ——
)
and
1
pr=ar|——1 (46)
mr
with
Hi\ %
m 2 B(aza al + 1)
T =\ —= —
gl B(ai, az)
Hy
x2 k1 (al +toz, 01+ a1 tox+ 11— 2—H|)’
B
(47)
oz, Z{I and ,[)’;_[1 being respectively given in (A.11), (B.20)
and (B.21), and »>Fj (-, -; -; -) denoting the hypergeometric
function [39].
Proof: See Appendix B. (]

Base on Proposition 3, we can obtain that the PDF of
Tproposed|H1 is given by
a=l(p =yt

prroposed|H1 (M) = (48)

B (a1, f3)"

with 0 < u < 1. Finally, the detection probability for a given
decision threshold A reads

Pd =1- FTproposed‘Hl (i) (49)

where

FTproposed|Hl (l/t) = Iu (al’ ﬁ3) . (50)
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Fig. 2. The approximation error with respect to u where the term K varying
from 100 to 1000.
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Decision threshold
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Fig. 3.  Differences of the detection probabilities obtained by using the
theoretical expression in (50) and Monte Carlo simulation for difference K
when L = 10 and SNR= —16dB.

V. SIMULATIONS AND DISCUSSIONS

In this section, numerical simulation results are provided to
verify the theoretical analyses and evaluate the performance
of the proposed detector. In all simulations, the channel para-
meters ¢ = 0dB, 106/In 10 = 12dB, Q =1 for m = 0.5 and
m = 1, where m = 0.5 represents one side Gaussian fading
channels and m = 1 represents Rayleigh fading channels.

First, we evaluate the approximation error between
I, (a1,43) in (50) and the cumulative distribution
function (CDF) from (B.22), i.e.,

ert0r) =y (@1, 3) = [ Froptr )5 (D

Fig. 2 shows the approximation error with respect to u where
L =10, SNR= —16dB, u = 0dB, 106/1In10 = 12dB, Q =1
and m = 0.5 for different K. It can be observed from Fig. 2
that the approximation error decreases when K increases, and
the maximum approximation error is less than 0.02 even when
K = 100.

Considering that there also exists approximation error in
deriving f7,,...alH, () in (B.22), in the following, we directly
compare the theoretical expression in (50) with the Monte
Carlo simulation results of detection probability of the pro-
posed detector for different K. Fig. 3 shows the differences
between the detection probabilities obtained by using the
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QO Monte Carlo result
----- Theoretical result
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Fig. 4. Theoretical and simulation results for the false-alarm probability of
the Quade test-based detector where L = 10 and K = 1000.
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Fig. 5. Theoretical and Monte Carlo simulation results for the false-alarm
and detection probabilities of the proposed detector when L = 10, K = 1000
and SNR= —16dB.

theoretical expression in (50) and Monte Carlo simulation
for different K when L = 10, SNR= —16dB, ¢ = 0dB,
100/In10 = 12dB, Q =1 and m = 0.5. It can be observed
that the maximum difference is only about 0.05 when K >
100. This implies that the approximation error is small by
using (50) to evaluate the detection probability of the proposed
detector.

Fig. 4 shows the theoretical and simulation results for the
false-alarm probability of the Quade test-based detector where
L =10 and K = 1000. It can be seen that the theoretical result
from (15) matches the Monte Carlo simulation result well.

Fig. 5 shows the theoretical and Monte Carlo simulation
results for the false-alarm and detection probabilities of the
proposed detector when L = 10, K = 1000 and SNR =
—16dB. The theoretical results for false-alarm and detection
probabilities are obtained by using (43) and (49), respectively.
It can be observed that the theoretical result for the false-
alarm probability matches the Monte Carlo simulation result
quite well. A slight difference is found between the theoretical
and Monte Carlo results for the detection probability, which is
due to the approximations used in the derivation. In addition,
Fig. 5 shows that the performance difference of the proposed
detector for one-sided Gaussian and Rayleigh fading channels
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Fig. 6. Theoretical and Monte Carlo simulation results for the false-alarm
and detection probabilities of the proposed detector when L = 10, K = 1000
and SNR= —10dB.
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Fig. 7. ROC curves for the Quade test-based detector, the proposed
detector with weighting coefficients in (21) and the proposed detector without
weighting coefficients in (39) when L = 10, K = 1000 and SNR = —16dB.

is very small. Fig. 6 shows the theoretical and Monte Carlo
simulation results for the false-alarm and detection probabil-
ities by increasing SNR to —10dB. The results validate the
theoretical results again.

Fig. 7 shows the receiver operating characteristic (ROC)
curves for the Quade test-based detector, the proposed detector
with weighting coefficients in (21) and the proposed detector
without weighting coefficients in (39) when L = 10, K =
1000 and SNR = —16dB. It can be observed that the pro-
posed detectors with and without weighting coefficients have
similar detection performance. This verifies that the weighting
operation has a negligible impact on the detection performance
(but obtaining the weighting coefficients will give rise to
additional computational complexity and overhead in the CR
network). Moreover, Fig. 7 shows that the proposed detectors
significantly outperform the Quade test-based detector.

In the following, we evaluate the performance of the
proposed detector in (39) by comparing it with existing cooper-
ative spectrum sensing detectors (including three eigenvalue-
based detectors and the EGC detector). The reason that we
choose the eigenvalue-based detectors and the EGC detector
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Fig. 9. Detection probabilities versus SNR for various detectors when L = 15
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is because they do not require the a priori knowledge of
channels or primary signals.

Fig. 8 shows the detection probabilities versus the number
of SUs L for various detectors when SNR = —16dB and
K = 1000 at Py = 0.01. It can be seen that the detection
probabilities of these detectors (except the EGC under noise
uncertainty) increase with the number of SUs, and the perfor-
mance of the proposed detector improves faster than the other
detectors. It can also be observed that the EGC is sensitive
to noise uncertainty, although it outperforms the proposed
detector with a small L. Note that EGC is optimal when
no characteristics of signals or channels are used. However,
our proposed detector exploits the spatial diversity, leading
to better performance than EGC when L > 6 in Fig. 6.
On the other hand, despite exploiting the spatial diversity,
the proposed detector does not require the a priori knowledge
of each channel, e.g., channel gains, so it is a blind detector.

Fig. 9 shows the detection probabilities of various detectors
at different SNRs when L = 15, K = 1000 and Py = 0.01.
Fig. 10 shows the detection probabilities of various detectors
with different K when L = 15 and SNR = —16dB at Py =
0.01. It can be seen from Figs. 9 and 10 that our proposed
detector outperforms the other detectors.
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To evaluate the impact of hidden terminals on the detection
performance of the detectors, Fig. 11 shows the detection
probabilities of various detectors for different numbers of
hidden terminals when SNR = —16dB, L = 30 and K = 1000
and Py = 0.01. In the simulations, the received primary signal
power is set to be zero for the hidden terminals, as the hidden
terminals cannot receive any primary signals. It is observed
that the proposed detector keeps a high detection performance
and the other detectors degrade severely with the increase of
the number of hidden terminals. When the number of hidden
terminal increase from O to 14 (i.e., it exceeds one third of
the total number of SUs), the proposed detector still has a
detection probability of over 0.9, but the detection probability
of ECG with exact noise power is only about 0.5. The result
indicates that our proposed detector can more effectively
combat the hidden terminal problem.

Fig. 12 shows the detection probabilities versus the para-
meter m of Nakagami-m channels for various detectors where
SNR = —16dB, K = 1000, Py = 0.01, L = 30 and the
number of hidden SUs is 14. It can be seen that, when the
number of hidden SUs is large, only the proposed detector
can achieve satisfactory performance (the detection probability
is 0.9), while other detectors perform badly (the detection
probability is about or less than 0.5).
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Fig. 12. Detection probability versus the parameter m where SNR = —16dB,
= 1000, Py = 0.01, L = 30 and the number of hidden SUs is 14. and then

k-1 ma“). (A7)

2

v, |Ho ~ Gamma (—,
VI. CONCLUSION “ 2 K2

In this work, we have introduced the Quade test to the field
of spectrum sensing for blind detection in cooperative spec-
trum sensing. To reduce the computational complexity of the
Quade test-based detector, we have proposed a new detector z Mo ~ Gamma (L(K - 1), 2(K — . 1) 4) (A.8)
which avoids the ranking operations. Moreover, to reduce the 2 K
overhead of data transmission in CR network, we have further
developed an equivalent detector. The theoretical expressions ~ Let

By noting that the elements in {133/} are i.i.d., we can have

for the false-alarm and detection probabilities of the proposed L1
detector have been derived. Numerical simulations have ver- o] = ——, (A.9)
ified the theoretical expressions and demonstrated that the 2 2(1% —1)
proposed detector outperforms the existing ones and it is more (0= =, (A.10)
. . . . LK
effective in combating the hidden terminal problem. LK - 1)
op = —— (A.11)
APPENDIX A 2
PROOF OF PROPOSITION 2 and
Under Hy, the elements in {e;x} are ii.d. with mean 02 2K — 1)
and variance a . With sufficiently large K and by the central By = —xI (A.12)
limit theorem (CLT) we can obtain that me, follows Gaussian
distribution with mean a and variance o, / K,ie., With (A.3) and (A.8), it can be obtained from [37] that the
1 PDF of Tproposed under Ho is approximately given by (A.13),
e |Ho ~ N (0,%, EG’?) (A.1) shown at the bottom of this page.
With sufficiently large L and K, it is given that
Hence,
. T~ prt, (A.14)
(n%e, - Zme,) [Ho ~ ( : 70,‘,‘) (A.2)
Then, Tproposed under Hy approximately follows beta distrib-
and thus ution as
L 2
Z( _ _z me/) [Ho ~ Gamma( —1 , Moﬁ) Tproposed|HO ~ Beta( ) -1 L(K2 )) (A.15)
= 2 LK
(A.3) O

Ho (23] Ho a
B ) ( By ) ual—l(l —u ar—1
(ﬂ?°+ﬂ?° O+ )

Ho a1tan
ﬂ u p " (—u)
B (a1, a2 ( s+ )
(@1, a2) prOp0 T gl pTt0

prroposed‘HO (M) = > 0 <u=< 1. (A13)
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APPENDIX B
PROOF OF PROPOSITION 3

It is difficult to obtain an exact distribution for the proposed
detector under H;. In the following, we derive an approximate
but analytical result with sufficiently large K and L. Under H,

erk = gilhi()s (k) > + Iny()1? + 2/giR (hy (k) s (k)nj (k)).
(B.1)

Hence, the power at the /th SU is given by
2 K | X

tey = = D I ®)si (P + - > I k)P
k=1 k=1

2 K
* % ;R(h’(k”l (kyny (k). (B.2)

It can be obtained that R(h;(k)s;(k)nj (k)) is symmetrically
distributed, and so

1 K
e > Ry (ks (k)nj (k) ~ 0 (B.3)
k=1

for a sufficiently large K. In addition, for the sufficiently
large K,

1 K
= 2 ImmP ~ oy (B.4)
k=1
and
1 K
= 2 Im®s ) ~ Elll®)Plof = Qof  (B.5)
k=1
Then
e ~ Q02 + 6} (B.6)
and
1< L
~ ~ o (L=1) 1 2
Mo —— > tg 2| =g —1 2 & |Qs. (B7)
By the CLT, for a sufficiently large L, we have
ol L-1 -
the = 7 > i ~ N (0, ——VIgQ’s; (B.8)
=1
where
Vig] = (e”z — 1) Q2uto’ (B.9)
Therefore,
L | L 2
z(m . zm) "
=1 =1
L—1 2(L-1
~ Gamma (T %V[gl]ﬂzaf)o. (B.10)
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The term e, x — rit,, is given by
ek — Mg
K—1 K—1
= %Ihz(k)sz(k)l2 +— In; (k)|?
g < 1 K
/ 12 N2
—% 2 m@w®P -2 > )]
K Ak k=1 VA=
2(K — 1) /g
+ T\/_R(hz(k)sz (k)njf (k))
K
2
- e > ROuK)si(Kynf (K)). (B.11)

K £k, =1

By the CLT, e;x — i, is approximately Gaussian distributed
with mean zero and variance

K —1
Vier = hg] = —— (Vigilhi(k)s: ) + o
+ 4V IV (k)]ola?

+4EL@ VIl (k)]e2e?)  (B.12)
where
Vigilhi(k)si (k)21 = o @VIgVIIhi(k)[*]
+ 2V g/ Iy (k) |*1?
+ 2E[g1)* V(|1 (k)]?]
+ ElgPE[|h (k) *1%), (B.13)
2
Elg] = e"*7T, (B.14)
VI (k)21 = mQ?, (B.15)
+00 2
VI/gil = Elgi] — ( \ N (u)du)

52 +00 2
=eltT — ( Vi fy, (u)du) (B.16)
0

and
VI (k)] = Ellh (k) *] — Bl (k)]* = Q. (B.17)
Then
5 K—1 2 .
ve/IHl ~ Gamma 5 ?V[eljk —mel), (B.18)

which gives

I LK—1) 2 )
> g |Hy ~ Gamma | ————=, = Vet — g1 ). (B.19)

~ 2 K
Let
Hi M- (e‘fz - 1) 2024 (B.20)
M
and
2 R
T = ZVlerh — ] (B.21)

K

where V[e;  —ni,,] is given in (B.12). Then, it can be obtained
from [37] that the PDF of Tpoposed under H; is approximately
given by (B.22), shown at the top of the next page. It can
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Hy a1 H a2
52 1 a;—1 1 — ar—1
(ﬂH|+ﬁH1) (ﬂH|+ﬁH1) u ( u)
1 2 1 2
prroposed|Hl (u) = Hy Hy a1ton ’ O<u=x<l (B22)
B (0!1,0!2)( ‘)-tﬁz = ﬁ%{ (1_7:))
ﬂl 1+,32 1 'Bl l+ﬂz 1
be further obtained from [38] that the PDF of (B.22) can be [12] Z. Lu, Y. Ma, P. Cheraghi, and R. Tafazolli, “Novel pilot-assisted
approximated by the PDF of Beta (051, ﬁ3) where spectrum sensing for OFDM systems by exploiting statistical differ-
ence between subcarriers,” IEEE Trans. Commun., vol. 61, no. 4,
1 pp. 1264-1276, Apr. 2013.
b3 = a (— — 1) (B.23) [13] S. Chaudhari, V. Koivunen, and H. V. Poor, “Autocorrelation-based
mr decentralized sequential detection of OFDM signals in cognitive radios,”
. . . IEEE Trans. Signal Process., vol. 57, no. 7, pp. 2690-2700, Jul. 2009.
with m7 being the mean of Tproposed|H1. According to [38], [14] M. Jin, Q. Guo, J. Xi, Y. Li, and Y. Li, “On spectrum sensing of OFDM
mr is given by signals at low SNR: New detectors and asymptotic performance,” IEEE
Trans. Signal Process., vol. 65, no. 12, pp. 3218-3233, Jun. 2017.
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