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Abstract—A low-complexity decision fusion method is proposed
for cooperative spectrum sensing (SS) of wideband cognitive radio
(CR) using multiple-hypothesis testing. To maintain the quality of
SS in multiple channels, performance indices of false-sensing rate
and false-ignorance rate are defined for the Benjamini-Hochberg
(BH) procedure to control the false-alarm ratio (FAR) and missing
ratio (MR) of SS, respectively. Extended from these results, a
double BH procedure is further studied in an attempt to simul-
taneously attain a low FAR and MR. In addition to identifying the
availability of channels, a signal strength-estimation scheme that
features multiple-hypothesis testing is also proposed to classify
the level of the SNR for cooperative SS. Simulation results show
that the double BH procedure can suppress both the FAR and
the MR at a high SNR while maintaining a considerable FAR in
the low-SNR regime. As such, the system can enjoy throughput
enhancement by allowing more active cognitive access at a high
SNR and still prevent introducing excessive multiple-access in-
terference to the primary users when their SNRs are weak. On
the other hand, for SNR classification, simulations also show that
the SNR can be classified within one level, plus or minus the true
strength with more than a 96% chance. This allows the system to
employ more generic protocols such as concurrent transmissions
for cognitive access.

Index Terms—Benjamini-Hochberg procedure, cooperative
spectrum sensing, multiple hypothesis testing, wideband cognitive
radio.

I. INTRODUCTION

N THE PAST decade, cognitive radio (CR) has emerged

as an important concept in wireless communications.
CR-related techniques have found applications in dynamic
spectrum access (DSA) and coexistence, radio resource and
spectrum management, and interoperability in infrastructure-
less wireless networks. Wireless communication standards such
as WiFi (IEEE 802.11), Zigbee (IEEE 802.15.4), and WiMAX
(IEEE 802.16) have also incorporated some simple CR prop-
erties in their options. In addition, IEEE 802.22 is calling
for contributions to define the first international standard for
CR [1].
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One of the enabling technologies for CR is DSA, through
which the unoccupied channels in the licensed spectrum can be
exploited for the unlicensed access of secondary users. To pro-
tect the licensed users (who are also referred to as the primary
users) from large multiple-access interference (MAI) in CR
systems, cognitive users (secondary users) may collaboratively
identify the availability of channels to improve the reliability
of spectrum sensing (SS) [2]. Based on this idea, a cluster-
based sensing method is proposed in [3], where the cluster head
with the best channel condition to the fusion center reports the
final decision of its cluster to the fusion center. In addition, the
average number of reporting bits is further studied in [4] when
considering a nondecision region for the energy detector.

The aforementioned works basically study cooperative SS
for a single narrow-band channel and take the logic OR of the
decision bits from different observers to form the final decision
at the fusion center. In contrast, cooperative SS is relatively less
studied from a system perspective for wideband multichannel
CR systems. Based on multiple-hypothesis testing, a simple de-
cision rule is proposed in [5] for the cooperative SS of multiple
channels, making use of the Benjamini—-Hochberg (BH) proce-
dure [6] on the energy feedback (EF) of cooperative observers.
As opposed to the conventional SS approaches that work on a
single subband only, [5] takes the individual decisions from all
observers of all subbands to jointly decide the availability of
subbands, hence providing control on the decision errors from
the system’s viewpoint.

A common issue in multiple-hypothesis testing is the control
of type-I errors. Bonferroni-type procedures [7]-[11] typically
control the familywise error rate (FWE), i.e., the probability of
erroneously rejecting any of the true null hypotheses, which of-
ten leads to conservative results when the number of hypotheses
increases. To resolve this problem, Benjamini and Hochberg [6]
propose a new type of procedure to control the false-discovery
rate (FDR) out of the declared nontrue null hypotheses. As the
FDR is close to the error rate, controlling the FDR also provides
control on the error rate to a certain degree. Furthermore, the
proposed BH procedure does guarantee holding the FDR under
a predefined significance level when used on continuous test
statistics. Due to the effectiveness of the BH procedure, it is
further extended to test statistics with different characteristics,
e.g., statistics with positive regression dependence [12]. Fur-
thermore, for discrete test statistics, it is also proven in [12]
that the FDR can be controlled at a level even lower than that
using continuous test statistics. Motivated by the performance
and cost effectiveness of decision feedback (DF), we extend the
result in [5] and investigate herein, from a broader perspective,
cooperative SS for wideband CR systems.
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The objective of this paper is twofold: 1) to seek an appro-
priate application of the BH procedure such that a balanced
tradeoff between the false-alarm ratio (FAR) and the missing
ratio (MR) can be achieved in cooperative SS for wideband CR
systems and 2) to have a more precise classification of the SNR
than yes or no such that cognitive access can be made possible
in a more generic manner, such as concurrent transmissions of
the secondary users’ signals when the SNRs of the primary
users allow them [13], [14]. To meet the first objective, we
employ the BH procedure to control the performance indices of
false-sensing rate (FSR) and false-ignorance rate (FIR) derived
from the notion of FDR in an attempt to suppress the FAR and
MR, respectively. By controlling the FSR, the FAR of SS can
be suppressed as well, which, in principle, will result in more
active cognitive access. On the other hand, controlling the FIR
also helps suppress the MR of SS, leading to lower MAI to
the primary users. Based on the BH procedures for controlling
the FSR and FIR, a mixture of the two procedures, which is
referred to as the double BH procedure, is also proposed to
seek for a proper balance between the FAR and MR of coopera-
tive SS.

To classify the SNR, however, the SNR strength is first
partitioned into several levels. According to these predefined
SNR levels, hypotheses are then defined for each subband of
the wideband CR system. With these hypotheses, two types
of multiple-testing approaches are studied to decide the SNR
level for each subband based on the BH procedure. Both the
decision fusion and energy fusion methods are investigated in
this regard.

To verify the performance of the proposed SS schemes in
practical communication environments, three types of channel
settings are considered in the numerical studies. Simulation
results show that, in controlling the FSR, the proposed decision
fusion method outperforms the energy fusion method in FAR,
while maintaining an MR comparable to the energy fusion one.
On the other hand, a low MR can be achieved by controlling the
FIR when ideal SNRs of subbands are available to the fusion
center. When the SNR is unavailable a priori, however, the MR
can still be controlled under an acceptable level, despite losing
some performance in the low-SNR regime. Furthermore, the
double BH method demonstrates the lowest FAR and MR at
a high SNR, while still enjoying a low MR and a relatively high
FAR in the low-SNR regime. This can potentially improve the
system throughput by allowing for more aggressive cognitive
access in the high-SNR regime, while preventing MAI that is
too excessive to the primary users in the low-SNR regime.

On the other hand, for SNR classification, simulations also
show that the SNR can be classified within one level plus or
minus the true SNR strength with more than a 96% chance.
This allows the system to employ more generic protocols such
as the concurrent transmissions of the primary and secondary
users’ signals for cognitive access [13], [14].

The rest of this paper is organized as follows. In Section II,
we describe the system model for wideband CR systems
and review the notion of FDR and the BH procedure for
multiple-hypothesis testing. The performance indices of FSR
and FIR and the corresponding BH procedures are introduced
in Section III to control the FAR and MR of cooperative SS.
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Based on these results, a double BH procedure is proposed
in Section IV in an attempt to balance the FAR and MR in
cooperative SS. Furthermore, two testing approaches for SNR
classification are studied in Section V to enable cognitive access
in a more generic sense. Simulation results are presented in
Section VI, followed by the conclusions in Section VII.

II. SYSTEM MODEL

We consider a CR system that does not officially operate
over a licensed wireless band. Instead, it coexists with other
radio systems that may or may not possess officially licensed
frequency bands. The CR system intends to use the frequencies
when they are not preoccupied by the licensed users. To access
the unoccupied frequency bands, the system is equipped with a
base station or a data fusion center to monitor the availability
of the wireless channels. We assume that the CR system can
monitor and operate over a wide frequency bandwidth of W
Hz, and the overall bandwidth is divided by the system into M
subbands for cognitive access. As a result, each subband has a
bandwidth of D = W/M Hz. An illustration for the CR system
is shown in Fig. 1.

Now, we consider a cooperative SS scheme for the CR sys-
tem. We assume that there are K cognitive users in the system.
Each has the same capability to scan the M subbands over
the operating bandwidth and randomly chooses S consecutive
subbands out of M to observe. To decide whether the M
subbands are occupied or not, the fusion center first asks each
user to make their own decision and report the availability for
each subband the user observes. Based on the reports of all
users, the fusion center makes the final decision and forms
the channel occupancy vector O € {0,1} for the overall M
subbands. The jth entry of O is set as 1 if the jth subband is
occupied by the primary user; otherwise, it is 0.

For each subband j scanned by a secondary user 7, there
are two possible hypotheses. One assumes that the channel
is occupied, which is denoted by H;; the other assumes
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that it is unoccupied, which is denoted by Hj. Specifically,
we have

Hy : Yé,j = Ni,j (D
Hy: Y;=X;;+N;; ()

where N; ; ~ CN(0,1), and X; ; ~ CN(0,q), with ¢ > 1.
The user ¢ reports the availability of the subband j by using
a simple threshold detector with the threshold set at A. If Yf] >
), the user reports 1. Otherwise, it reports 0.

Based on the decisions bits reported by all users, the fu-
sion center will reconstruct the channel occupancy vector O.
To handle the multiple-testing problem involved in forming
O, a traditional approach is to control the FWE. However,
controlling the FWE usually comes to give a result that is
too conservative when the number of hypotheses increases. To
avoid this problem, we adopt the BH procedure to control the
FDR [6]. The definition of FDR and the essence of the BH
procedure are summarized below.

A. FDR

The FDR is defined as the expected proportion of the erro-
neously rejected true null hypotheses among the total hypothe-
ses that are rejected. Specifically, suppose that there are M
hypotheses to be tested in an experiment. By some detection
procedures, N7 of M hypotheses are rejected, with F' of them
being false and 7" of them being true decisions. The FDR is
defined as

FDR = E [F/(F +T)] = E[F/Ny]. 3)

Benjamini and Hochberg show that controlling the FDR also
controls the FWE in the weak sense and that the FDR is a more
appropriate error rate to control than the conventional FWE in
many multiple-testing problems [6].

B. BH Procedure

The BH procedure is a decision rule to control the FDR of
hypothesis testing under a given significance level « [6]. As-
sume that there are m hypotheses Hy, Hs, ..., H,, set for the
problem under investigation. Given the p-values p1, pa, . . ., D,
which correspond to the hypotheses H1, Ho, ..., H,,, respec-
tively, the BH procedure for verifying the correctness of the
hypotheses is given as follows.

1) Sort the p-values in ascending order, and denote the

ordered p-values as p(1) < p2) < -+ < Pim)-

2) Find the largest index i4yax such that pg ) <

(tmax/m)a, 1 < imax < m.

3) Rejectall Hi;y, 1 =1,2,...,imax-

For independent test statistics, if the BH procedure is con-
ducted at a significance level «, [12] proves that the FDR can
be controlled exactly at the level (mg/m)c for continuous test
statistics and at a level less than or equal to (mg/m)a for
discrete test statistics, where mg is the number of true null
hypotheses among the m hypotheses.
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III. CONTROLLING THE FALSE-SENSING RATE AND THE
FALSE-IGNORANCE RATE

Based on the BH procedure, we attempt to develop schemes
to control the FAR and the MR of SS in wideband CR systems.
To this end, we define two controlled error rates for the BH
procedure following the notion of FDR. One is referred to as the
FSR, which serves as an alternative metric for FAR in the BH
procedure. The other is the FIR, which serves as an alternative
for the MR in the BH procedure. The details about the SS
schemes are specified in the sequel.

A. FSR

The FSR is defined as the expected proportion of the number
of falsely sensed channels over the total number of channels that
are declared occupied. In CR systems, the secondary users are
allowed to access a frequency band when there is no primary
user using the channel. By controlling the FSR below a certain
low level, a channel is less likely to be mistaken as occupied,
thus allowing more access from the secondary users. This may
improve the overall system throughput at the risk of introducing
higher MAI to the primary users.

For controlling the FSR, the true and nontrue null hypotheses
are given by (1) and (2), respectively. Under the true null
hypothesis Hy, the energy |Y; j|? is independent of the signal
strength ¢ and is exponentially distributed. Given the threshold
A, the probability for a cognitive user ¢ to report 1 (false alarm
under Hj) to the fusion center is

Pr = Pr{|Y;;|> > \Hp} = /e*ydy e @)
A

Now, suppose that there are IV; observers for the subband j €
{1, M}, and each reports to the fusion center about its decision
on the availability of the subband. With the N; decision bits
and P, we define the p-value p; for the hypothesis H as the
complementary cumulative distribution function (CCDF) of the
binomial distribution, which is given by

- N. J -z —\\Nj—x
= (T)era-e ®)
where z; is the number of 1s in IV;. Based on the p-value,
the BH procedure can be applied at a level o to decide the
availability of each channel. The steps are listed below.
1) Calculate the p-value p;, Vj € {1, M}, with (5).
2) Sort p;, Vj € {1, M}, in ascending order.
3) Find the largest index 4yax such that pg ) <
(4max/M ).
4) Declare subband (j) occupied for the reordered indices
1 < (] ) < Z.max~
The performance of controlling the FSR is presented in
Figs. 2(a) and 3. For comparison, the energy fusion method [5]
that makes use of vazjl |Y; ;|? to evaluate the p; is also shown
in the figure. Fig. 2(a) shows that both the energy fusion and
decision fusion methods can control the FSR under the desired
level @ = 0.05, while the proposed decision fusion method can
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Fig. 2. FSR and FIR with M = 100, K = 20, Arsr = 4, Arir = 1, and
a = 0.05. The nominal SNR for the FIR is set at ¢* = 10 dB.

achieve a much lower FSR level than the energy fusion one.
This advantage results from the use of discrete test statistics in
the BH procedure, which has been proven in [12].

Fig. 3(a) shows that controlling the FSR does lead to a low
FAR. However, the side effect is that the MR is high in the
low-SNR regime, as shown in Fig. 3(b). This is due to the fact
that the BH procedure tends to underestimate the signal strength
to control the proportion of false alarms, causing a higher MR
when the signal is weak. Opposite to the FAR, the energy fusion
method outperforms the decision fusion method in MR, and
more observers seem to give better results.

B. FIR

Although a low FSR may benefit the overall system through-
put, Fig. 3(b) also indicates that it causes a high MR at a low
SNR. As a result, the primary users will suffer from larger MAI
in the low-SNR regime. To avoid this situation, suppressing
the MR seems to be an option when it comes to maintaining
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Fig. 3. FARs versus MRs of controlling the FSR with M = 100, K = 20,
Arsr = 4, and a = 0.05.

the primary users’ transmissions under a tolerable interference
level. To this end, we define the FIR for the BH procedure,
which is the expected proportion of the number of falsely
ignored channels over the total number of channels that are
declared unoccupied.

Now, for the BH procedure to control the FIR, the cor-
responding true and nontrue null hypotheses for subband j
become

Ho: Yij=Xi;+ N
Hl : Y;'yj = Ni,j

where H, assumes that the subband is occupied, and H;
assumes that the subband is unoccupied. Unlike the FSR, the
observed energy |Y; j|? now has a distribution that depends on
the received SNR of the user, under the true null hypothesis H.

Assume that N; ; ~ CN(0,1) and X; ; ~ CN(0,q), with
g > 1. Conditioned on Hy, |Y;;|* is exponentially distrib-
uted with a rate parameter equal to ¢ + 1, which is denoted
by |Yi ;> ~ Exp(1/q + 1). As a result, the probability for a
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cognitive user ¢ to report 0 (missing under Hj) against the
threshold \ is

Py = Pr{|Yi > < \Ho,q}
A

,/ 1
) q+1
0

Given the N; decision bits and Py, for subband j, we define
the p-value p; for the hypothesis H of the FIR as the CCDF of
the following binomial distribution:

Y A
e tidy=1—¢ a1, (6)

p; = é (]ZJ> (Par)®(1 — Pyy)Nie

(- ) o

where z; is the number of Os out of N;. Based on this p-value,
the BH procedure can now be applied to control the FIR below
a level of a. The procedure is stated below.

1) Calculate each p-value p;, j € {1, M}, according to (6).

2) Sort p;,Vj € {1, M}, in ascending order.

3) Find the largest index imax such that pg ) <

(imax / M )O[.
4) Declare subband () unoccupied for the reordered indices
1 S (,7 ) S imax'

1) FIR Under a Nominal SNR Assumption: To evaluate the
p-values for the FIR, the received SNR ¢ for each cognitive
user of each subband must be given a priori. In practice, the
SNRs are not available at the fusion center. To overcome this
difficulty, a nominal SNR ¢* can be set for the fusion center
to evaluate the p-values (7). As a result, the probability Pj;
with respect to ¢* becomes a constant at the fusion center. The
corresponding nominal p-values in (7) only depends on the N;
of each subband and is denoted by p7, Vj € {1, M}. Except
for P, the rest of the BH procedure for controlling the FIR is
exactly the same as if an ideal SNR is available at the fusion
center.

Simulation results for applying the BH procedure to control
the FIR are provided in Figs. 2(b) and 4. As shown in the
figures, the FIR is held below the desired level o = 0.05 given
the ideal SNR, and the MR almost diminishes to zero in
Fig. 4(b). Moreover, it also makes the FAR high at a low SNR,
which is similar to what the BH procedure for the FSR does to
the MR in Fig. 3(b).

On the other hand, the simulation results for the BH proce-
dure operating at a nominal SNR of 10 dB show that the MR in-
creases when the SNR is lower than the nominal value of 10 dB,
and in the meantime, the FIR is also out of control in that
region. In addition, the FAR remains at a stable value around
0.2 in Fig. 4(a). The reason why the BH procedure operating at
a nominal SNR behaves in Figs. 2(b) and 4 is discussed below.

When 0 < SNR < 10 dB, the fusion center uses a Py, that is
smaller than the real P); to evaluate the p-values of each sub-
band. As a result, a smaller p-value is obtained in comparison
with the ideal SNR mode, which implies a lower availability
of the subband. The MR then increases after applying the BH
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Fig. 4. FARs versus MRs of controlling the FIR with M = 100, K = 20,
Arrr = 1, and @ = 0.05. The nominal SNR for the FIR is set at ¢* = 10 dB,
as opposed to the cases with an ideal SNR.

procedure. For SNR > 10 dB, since Py, is always higher than
the real Pys, the MR will only be better than the ideal SNR
mode. It is noted that Py, is fixed once we set the nominal SNR
at the fusion center. To compensate the effect caused by P;,,
the energy threshold A should properly be adjusted to keep the
MR in an acceptable level.

C. Energy Thresholds for Controlling the FSR and the FIR

As we have seen from the previous sections, the p-values in
(5) and (7) also depend on the energy threshold A, which, in
turn, will affect the outcomes of the BH procedure. As a matter
of fact, even the value of x; depends on \. Intuitively, there
will be a region for A such that the BH procedure can properly
be conducted according to a predefined significance level .
More specifically, if the smallest p-value is greater than «, then
all the p-values are greater than o as well. The BH procedure
then becomes ineffective. On the other hand, if the largest



1840

p-value is smaller than /M, it will also lead to a failure of the
BH procedure. However, this region for A is still very loose. A
tighter region for \ can be obtained if we take the single user’s
sensing quality into account.

Since the subbands are randomly chosen by the cognitive
users, it may happen that a subband has only one observer.
Under this circumstance, one should ensure that the p-value
of that subband is still workable for the BH procedure. For
controlling the FSR, the p-value of the single-observer channel
has to be less than or equal to the maximum level « to avoid
false alarms, hence leading to the lower bound of A. On the
other hand, the upper bound of ) is obtained by having the p-
value of the single-observer channel to be greater than or equal
to the minimum level «/M to prevent excess MRs. According
to this guideline, A can be chosen from (a/M) < er<ato
control the FSR, namely

o
In(a) <A < ln(M). (8)

To control the FIR, however, the p-value (7) of the single-
observer channel should be greater than /M to suppress the
MR, i.e.,

A*Z—(q+1)ln<1f%). )

However, if one wants to implement a more conservative rule
that a single-observer subband is classified as occupied if its
only observer reports “1” to the fusion channel, then we may
have a higher lower bound for A, i.e.,

N> —(g+1)In(1 — a). (10)

IV. DOUBLE BENJAMINI-HOCHBERG PROCEDURE FOR
SPECTRUM SENSING

Results from Section IIT show that controlling the FSR can
effectively suppress the FAR of SS, while making the MR high
in the low-SNR regime. On the other hand, controlling the FIR
does result in a low FIR and, hence, a low MR, given the ideal
SNR. However, the FAR becomes higher as well at a low SNR.
These phenomena essentially result from the fact that the BH
procedure only ensures to control the predefined error measure
under the intended significance level «; it does not control what
is not defined. If the outcomes of both the BH procedure for
the FSR and that for the FIR can jointly be considered in SS,
a better compromise between the FAR and the MR may be
obtained if we are able to take the advantages of both schemes.

A. Double BH Procedure

To collect outcomes from both BH procedures, we first
change the single-threshold energy detector into a double-
threshold detector for decision fusion. The higher threshold is
set for controlling the FSR, and the lower one is for controlling
the FIR. When the observed energy of one subband exceeds
the higher threshold, the cognitive user reports 2 for the cor-
responding subband. When the observed energy is below the
lower threshold, it then reports 0. Otherwise, it reports 1 when
the observed energy lies in between the two thresholds.
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TABLE 1
DETECTION RULES FOR THE DOUBLE BH PROCEDURE
Occupancy Decision Rules
Orsr | Orrr | FSR | FIR | OR | AND
0 0 0 0 0 0
1 1 1 1 1 1
0 1 0 1 1 0
1 0 1 0 1 0

At the fusion center, the BH procedure is tested twice to
form the two occupancy vectors, i.e., Opsg and Ogpgr, re-
spectively. The first test of the BH procedure is conducted
for controlling the FSR. Equations (4) and (5) are used to
calculate the p-values of each subband. The second test of the
BH procedure is to control the FIR according to (6) and (7)
on a nominal SNR ¢*. By comparing Opgr with Opig, the
final decisions for the availability of subbands can be made
according to the detection rules listed in Table I.

To protect the primary user from large MAI, a straightfor-
ward method is to claim the occupancy of a subband whenever
Oprsr or Oprr is asserted, i.e., using the OR rule. Although the
MR can be suppressed in the low-SNR regime, as expected
in Fig. 5(b), the side effect of the OR rule is that the FAR
significantly increases, as shown in Fig. 5(a). Notice from
Figs. 3(b) and 4(b) that the MRs are actually low enough in the
high-SNR regime. There is no need to further suppress the MR
in this SNR region with the OR rule. A proper way for decision
making is to use the AND rule at a high SNR such that the FAR
can properly be suppressed to enhance the system throughput.
This is feasible only if the fusion center knows when to switch
the decision rule at a proper SNR. Based on the BH procedure,
an SNR-testing method is proposed in the next section to enable
the rule switching, making use of the DF from the observers.

B. SNR-Switching Rule

Denote the threshold SNR to be tested by SNRt (in deci-
bels). To apply the BH procedure for hypothesis testing, the
null hypothesis and the corresponding probability Pr against
the hypothesis are defined as

Hr @ The channel is occupied with a signal strength of

at least SNR dB
A1

1 __u _ A7
Pr = e artldy=1—e 9rt!
qr +1
0

. SNR
with g = 10710

(11

(12)

where the energy threshold A7 can be set according to the
guidelines in Section III-C. Now, calculate the p-values accord-
ing to

pj =
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Fig. 5. FARs versus MRs with M = 100, K = 20, S = 30, ap = 0.85,
a = 0.05, A\ = 21, Apsr = 4, and Aprg = 1. The nominal SNR for the
FIR is set at ¢* = 10 dB, and the switching SNR is also set at 10 dB for the
double BH procedures.

where x; is the number of observations out of IV; that do not
exceed Ap. Then, apply the BH procedure for controlling the
FIR at a significance level a7, as presented in Section III-B.
The rejected subbands by the BH procedure are those with
SNRs less than the threshold SNRp . The fusion center
now applies the OR rule to the subbands rejected by the
BH procedure and applies the AND rule to the rest of the
subbands.

To implement the aforementioned SNR-switching rule for
SS, the DF from the observers can be modified as follows.
Suppose that the Ap of (12) is greater than the A of (8)
such that A\p > A > A*. Then, the cognitive user reports 3
if |Y;;|> > Ap, reports 2 if A <|Y; ;| < Ap, reports 1 if
A < |Y; ;]? < A, and reports 0 otherwise. The total number
of bits from each cognitive user is still two to apply the SNR-
switching rule.

1841

Simulation results for the SNR-switching rule are presented
in Fig. 5 among other decision rules. For controlling the FIR,
the nominal SNR ¢* is set at 10 dB. The threshold SNR ¢ for
switching between the OR and AND rules is also set at 10 dB.
In addition, the significance level is set at ap = 0.85 for the
BH procedure to identify the switching SNR. To evaluate the
p-values, the thresholds for DF are set as Ay = 21, A = 4, and
A* =1, respectively. Also shown in the figures for comparison
is a rule denoted by “tone-by-tone” that takes the logic OR
of all the DF of a subband to form the availability of the
subband.

As can be seen from Fig. 5(a) and (b), respectively, the FAR
of the SNR-switching rule is among the highest in the low-
SNR regime, and the MR is comparable with that of the double
BH and the tone-by-tone OR rules. Thus, the primary users are
well protected from the MAI of cognitive access when their
signals are already weak. However, in the high-SNR regime,
both the FAR and the MR are well controlled at very low
levels with the SNR-switching rule such that the system can
enjoy throughput enhancement by allowing more aggressive
access from the cognitive users, while, in the meantime, still
preventing introducing MAI that is too excessive to the primary
users.

V. CLASSIFICATION OF THE SIGNAL-TO-NOISE RATIO

In Sections III and IV, the hypotheses for the BH procedure
are only set for testing the existence of primary users. The SNR
of each subband is not measured by the fusion center. If the
SNR of each subband is also available to the fusion center,
then the cognitive users may not only transmit through the idle
subbands but may also be allowed to share the subbands with
the primary users in a more generic cognitive manner [13], [14].
Motivated by the multilevel testing approach in [15], we extend
the threshold-SNR-testing method in Section IV and study in
this section a more precise SNR classification method based on
multiple-hypothesis testing.

A. SNR Classification with DF

We partition the SNR into several levels and classify the SNR
of each subband according to the predefined levels with the
BH procedure. Considering the strength of practical wireless
received signals, the received SNR is partitioned into a noise
level plus L.« signal levels with the strength of each level
equalto 5(L — 1)dB, L = 1,2,..., Liyax.

To make use of the BH procedure for SNR classification,
Lax + 1 null hypotheses and the corresponding probabilities
against the hypotheses are set for the predefined SNR levels as
follows.

1) The null hypothesis for the noise level

Hy : The channel is idle with the presence of noise
only
Py = /e’ydy = ¢, (14)
Ao
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2) The null hypothesis for the SNR level of 5(L — 1) dB,

L - 1’27"'7LHIaX
Hp : The channel is occupied with a signal strength
at most 5(L — 1)dB
o0
P / L iy = nh
= (& L = e L
t qr. +1 Y
AL

5(L—1)

with g, = 107 10

15)

A cognitive user at a certain subband reports its observation
according to the energy thresholds A7 defined for each hy-
pothesis. There are a total of L,,x + 2 observed levels being
possibly received at the fusion center, which are |Yi,j|2 < Aos
A1 < |Y;'7j|2 <Ay, L= 1,..., Liax, and |Y;‘7j|2 > /\Lmax'
According to the discussion in Section III-C, the threshold Ay,
for each level can be determined according to
~(g+ 1)) <A< ~(@+ D7), (6)
Given Py, the corresponding p-values for each null hypothe-
sis H, can be evaluated with

N.
J N
piL= Y. ( x]>(PL)'””(1 — PN (17)

where x; 7, is the number of observations out of IV; that exceeds
Ar. The BH procedure as stated in Section III-A can now be
used to test each subband’s SNR level. There are two types of
methods for applying the BH procedure. For convenience of
expression, they are referred to as the type-I and type-II testings
in the sequel.

1) Type-I testing: In this approach, the BH procedure is first
applied to test the M subbands with respect to a single
SNR level each time. The p-values, which are sorted in
each BH procedure, come from different subbands. The
results after each testing only indicate whether the sub-
bands exceed the SNR level under test. After collecting
the results tested against each SNR level, the fusion center
then decides the SNR region for each subband according
to the rule stated in (19).

2) Type-II testing: This approach does not test the M sub-
bands for one SNR level at a time. Instead, it applies the
BH procedure to test the Ly ,x + 1 hypotheses of SNR
for a single subband each time. As such, the threshold for
each hypothesis is set at the middle of the range
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The p-values used for the BH procedure in each subband are
calculated with the decision bits reporting according to the
different thresholds. With the p-values of the subband, the
corresponding SNR region is determined again with the rule in
(19), shown at the bottom of the page, where qj,j =1,..., M,
is the classified SNR region for subband j.

B. SNR Classification with EF

Similar to the methods just presented in Section V-A for
SNR classification with DF, EF can also be used to classify
the received SNR strength of each subband. Different from
the p-values in (17) that requires P, for decision fusion, the
p-values for energy fusion only depend on the total observed en-
ergy vagl |Y; ;|2 in each subband and can easily be calculated
with the CCDF of the Gamma distribution. The hypotheses and
the corresponding p-values are listed below.

1) The null hypothesis for the noise level

Hy : The channel is idle with the presence of noise
only
Nj
pjo=Pr{Y > Z|Yi,j|2 Hy
i=1

T y(Nj_l)e_y
/ ey,
s [(N;)
Yij

(20)

2) The null hypothesis for the SNR level of 5(L — 1) dB,
L=1,2,.... Lo

Hp : The channel is occupied with a signal strength

at most L dB
Nj
piL=Priy>=>" |Yi,j|2‘HLaQL
i=1
B 7 y(er)e*ﬁ J
- / T(N))(qz + )N Y

—(qr + D In(a) < Ap SOVl
o
< — J 5(L—1
< —(qr+1)In <Lmax+1>' (18) with ¢z = 10 Gt j=1,...,M. 21
only noise, if no H hypothesis is rejected
aj = noise ~ 0 dB, if only H,, is rejected (19)

5(L —1) ~ 5L dB,

if Hp, is the maximum of rejected hypothesis
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The type-I and type-II methods for applying the BH procedure
in Section V-A can also be used here to test the SNR region
with EF. The final decision rule still follows (19).

VI. SIMULATION RESULTS

Some numerical experiments are conducted to evaluate the
performance of the proposed decision fusion methods. Suppose
that there are M/ = 100 subbands going to be sensed by K = 20
cognitive users. Each subband may be occupied by a primary
user with equal probability, and each cognitive user randomly
selects S consecutive subbands to measure the energies and
reports the corresponding sensing results to the fusion center.
The simulation results are summarized and discussed in two
parts. The first part presents the performance of the proposed
scheme in SS, and the second part discusses its effectiveness in
SNR classification.

A. Performance in SS

In Section III, a rather idealized assumption that occupied
subbands have the same received SNR is made to verify the
algorithms’ performance in different SNRs. To evaluate the
effectiveness of the algorithms in practical communication
environments, we consider three kinds of simulation settings
in this section to account for the possible fading and shadowing
effects in wireless channels. For the BH procedure using de-
cision fusion, the energy threshold is set to A = 4 to control
the FSR, and it is set to A = 1 to control the FIR. In addi-
tion, the BH procedure is conducted at a significance level of
a = 0.05.

1) Subband-Dependent Setting: In this simulation setting,
cognitive users experience the same SNR in a subband, while
we may see different SNRs in different subbands. The SNR of
each occupied subband is randomly chosen from 0 to 30 dB.

Since the SNR is the same for all users in each subband, the
FSR and FIR approaches introduced in Section III can directly
be applied here to the test of the existence of primary users. In
addition, to assess the feasibility of controlling the FIR under
this channel condition, ideal SNRs are used to evaluate the
p-values that are already defined in (5) and (7) for the FSR and
FIR, respectively.

2) User-Dependent Setting: In this case, each cognitive user
has a uniform SNR in all the subbands under his/her test, while
different users experience different SNRs. This simulation set-
ting can reasonably be applied to study the performance in a less
frequency-selective channel in which the consecutive subbands
scanned by a cognitive user have similar SNRs.

Under this channel assumption, the decision bits obtained
from different users in a single subband may reference different
levels of SNRs. This will make it infeasible to use ideal SNRs
in assessing the FIR. Nevertheless, it is still valid to evaluate
the FSR and the FIR operating on a nominal SNR. The corre-
sponding p-values are also defined in Section III.

3) General Setting: The most general and practical com-
munication environment is considered in this setting, where
each cognitive user experiences different SNRs in different
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Fig. 6. FARs versus MRs of controlling the FSR in different channel settings
with M = 100, K = 20, Apsr = 4, and o = 0.05.

subbands. Similar to the user-dependent setting, ideal SNRs are
not provided either in evaluating the FIR in this case. Other than
this, the p-values are similar to the previous settings.

The performance of the proposed cooperative sensing meth-
ods are simulated and compared in Figs. 6-8. For comparison,
the commonly used tone-by-tone OR rule, which tests one sub-
band at a time and declares the channel occupied if more than
one decision bits are one, is also studied in simulations. In con-
trolling the FSR, the FARs remain around 0.01 in Fig. 6(a) for
all simulation settings and the MRs decrease with the increasing
number of scanning subbands (S) per user. On the other hand,
to control the FIR, the MRs can also be suppressed at fairly low
levels, as shown in Fig. 7(b) for the user-dependent and general
settings. The behavior that the MRs of the subband-dependent
setting are higher than the other two settings in Figs. 6(b) and
7(b) is mainly due to the fact that the SNR is fixed for each
subband. Therefore, a large portion of the observations is done
on low-SNR signals, hence degrading the sensing performance.
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Fig. 7. FARs versus MRs of controlling the FIR in different channel settings
with M = 100, K = 20, Aprr = 1, and o = 0.05. The nominal SNR is set
at¢* = 10 dB.

Judging from these results, we see that the number of scanning
subbands for each user should be around 25-35 to control the
FIR to obtain a balanced FAR and MR.

The simulation results for the double BH procedures are pre-
sented in Fig. 8. It is shown in Fig. 8(a) that the SNR-switching
rule can drastically reduce the FAR, even if the number of
scanning subbands per user is very small. On the other hand,
it still maintains an acceptable MR, as shown in Fig. 8(b).

B. Performance of SNR Classification

In the simulation studies for SNR classification, the subband-
dependent setting is adopted to simulate the channel condition
in which each occupied subband has an individual and fixed
SNR randomly chosen from O to 30 dB. The entire simulated
range of the SNR is partitioned into six nonoverlapping regions,
each of them being 5 dB in width. The SNR of each subband is
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Fig. 8. FARs versus MRs of using the double BH procedure in different

simulation settings with M = 100, K = 20, A = 21, Apsr = 4, A\FIr =
1, ar = 0.85, and a = 0.05. The nominal SNR for the FIR is set at ¢* =
10 dB, and the switching SNR is also set at 10 dB for the double BH procedures.

classified according to the predefined SNR levels at the fusion
center with the rule in (19). The results of classification are
shown in pie charts in Figs. 9 and 10. The results of type-I
testing are demonstrated in Fig. 9, and the results of type-II
testing are shown in Fig. 10. The slices marked with “correct”
are the percentage of correct estimation. The slices marked with
“—1 level” mean that the estimated SNRs are one level lower
than the true SNRs. Similarly, the slices marked with “+-1 level”
show the percentage of results that are one level higher than the
true SNRs.

By comparing the pie charts in Figs. 9 and 10, it is shown
that type-II testing gives better results than type I, and methods
with EF outperform their counterparts that use DF. The reason
is that the BH procedure of type I tests one hypothesis each time
for all subbands whose observations may come from sources of
different SNRs. On the other hand, type II performs multiple-
hypothesis testing for one subband each time, based on the
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Fig. 9. Results of SNR classification using type-I testing with M = 100,
K = 20,5 = 30, and « = 0.85. (a) Results with DF. (b) Results with EF.

observations on signal sources that are generated with the same
SNR. Consequently, the p-values for type-II testing in each
subband are calculated with the same CCDF (17) of different
Pr, that correspond to different hypotheses. On the other hand,
for type-1 testing, the p-values for each BH procedure are
calculated with the CCDFs of different IV; and Pr, of different
subbands, causing the variation in testing results to be a little
higher.

In addition to the performance differences between type-I
and type-II testings, the biases of the estimates with DF are
more pronounced than the results with EF. This is due to the
fact that the BH procedure done on discrete statistics tends
to control the FDR at a level even lower than the BH with
EF does [12], thus acting more conservatively in rejecting the
null hypotheses, which, in turn, results in lower estimates of
SNRs than the true levels. Fig. 9(a) shows that the percentage
of results that are one level lower is 24%, while the percentage
of the other error estimates is 6% in total. In comparison, the
error of one-level-lower results drops by 8% in Fig. 9(b) with
EF. On the other hand, for type-II testing, the percentage of one-
level-lower results reduces to 14% in Fig. 10(a), which is only
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Fig. 10. Results of SNR classification using type-II testing with M = 100,
K =20, S = 30, and a = 0.85. (a) Results with DF. (b) Results with EF.

8% greater than the percentage of one-level-higher results. In
contrast, there is no bias in Fig. 10(b) with EF.

VII. CONCLUSION

The decision fusion method has been presented for cooper-
ative SS of wideband CR systems using multiple-hypothesis
testing. Both the FSR and FIR derived from the notion of FDR
have been shown to be controlled under the desired levels by the
BH procedure. Simulations have shown that the decision fusion
method can achieve performance comparable with the energy-
fusion method while saving the overhead to report continuous
values. Moreover, the double BH procedure in conjunction with
the SNR-switching rule has achieved the lowest FAR and MR at
a high SNR while still enjoying a low MR and a relatively high
FAR in the low-SNR regime. This can potentially improve the
system throughput by allowing for more aggressive cognitive
access in the high-SNR regime, while preventing MAI that is
too excessive to the primary users in the low-SNR regime.

On the other hand, for SNR classification, simulations have
also shown that the SNRs can be classified within one level plus
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or minus the true SNR strength with more than a 96% chance.
This allows the system to employ more generic protocols such
as the concurrent transmissions of the primary and secondary
users’ signals for cognitive access.
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