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a b s t r a c t

In this paper, optimal multiple channels cooperative spectrum sensing setting in non-identical environ-
ment is investigated. In previous works on cooperative sensing, the secondary users are assumed to have
the same detection threshold and the noise received is assumed to be independent identically distributed
random variable. Thus researchers often assume that identical sensing time is assigned to the channels
for spectrum sensing. In our paper, secondary users cooperatively sense the channel and send the binary
results to the common receiver where energy detection with hard decision rule is employed. We assume
that secondary users can assign non-identical sensing time to the channel with possibly different noise
powers and detection thresholds. An iterative algorithm with polynomial complexity is established to
determine the optimal sensing sequence (which represents the order at which the secondary users sense
the channels) for the secondary users to assign the mini-slots (minimum sensing unit) to sense the
channels, such that the throughput increase can be maximized in each iteration. Furthermore, delay sen-
sitivity is introduced as a new performance metric to evaluate how long the authorized transmitting users
need to wait for data transmission. Simulation results show that our algorithm is highly effective in
improving the achievable throughput and delay sensitivity.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

The rapid growth in wireless communications technologies has
contributed to a huge demand on frequency spectrum. However,
most of the spectrum is fixedly allocated to a set of special licensed
users. Several studies have shown that large amount of allocated
spectrum experiences a severe under-utilization problem [1,2].
This motivates us to consider cognitive radio technology which is
proposed to allow the secondary users to utilize the licensed spec-
trum when it is not occupied by the primary users [3,4]. Secondary
users are required to sense the spectrum before opportunistically
accessing it. If the spectrum is occupied by a primary user, the sec-
ondary user has to defer its transmission in order to avoid causing
harmful interference to the primary user. Hence, spectrum sensing
is required to be performed before the secondary user can access
the primary channel. The detection quality of spectrum sensing
easily suffers from fading and shadowed environments, which
can cause the hidden terminal problem. Cooperative spectrum
sensing is therefore proposed to enhance the sensing performance.
Multiple secondary users sense the spectrum independently, and
send the binary decision results to the common receiver where
the final decision is made to infer whether the spectrum is occu-
pied by the primary user [5–9].

Currently, the spectrum sensing techniques can be mainly
classified into matched filter, cyclostationary detection and energy
detection [10,11]. Matched filter detection requires perfect knowl-
edge of the PU’s signaling features such as operating frequency,
modulation type and order. Cyclostationary detection requires
intensive signal processing which may not be feasible to imple-
ment. For real-time implementation without the need for second-
ary users to have a priori knowledge, energy detection [12–14]
schemes are more suitable. One challenge is that the energy detec-
tion thresholds are dependent on the noise. There is actually a rich
body of literatures on studying spectrum sensing [15–20]. How-
ever, most of them always assume that all the secondary users have
the same energy detection threshold, and the primary signals
received are independent identically distributed (i.i.d) random
variables [15,16,18,19]. Moreover, both the average SNR and the
noise power are identical at the different secondary users [17,20].
These assumptions are not always reasonable, due to the following
facts [21]: (1) Secondary users are in different proximities from the
primary user; (2) The noise power is not identical in reality. The
irrationality of these assumptions will become more severe when
the secondary network suffers from fading environment or mobil-
ity. Thus it may not be optimal to have all the secondary users with
identical sensing time. In this paper we want to exploit the optimal
sensing setting under the assumption that the secondary users have
possibly different detection thresholds and noise powers. The work
in [22] has shown that by allowing some secondary users not to
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participate in sensing so as to reserve more time for data transmis-
sion, the system performance can be improved. In this paper, we
will investigate how each secondary user can assign different sens-
ing time to the channel for spectrum sensing with possibly different
energy detection thresholds and noise powers.

Two common decision-combining approaches have been pro-
posed, hard decision (e.g. Each secondary user performs indepen-
dent local spectrum sensing and reports the binary decision to the
common receiver.) and soft decision (e.g. Each secondary user is re-
quired to send the full observation result to the common receiver.)
[15,23,24]. Apparently, hard decision needs less data transmission.
Moreover, if cooperative spectrum sensing is performed in multi-
channel environment, the sensing performance is further affected
by these two decision-combining approaches in a different way. In
[25], soft decision is employed to estimate whether the primary user
is active, with this decision rule, only the total time used to sense the
channel affects the performance of cooperative spectrum sensing,
regardless of how this total time is distributed among the secondary
users. However, in our paper, hard decision is chosen to combine the
binary decisions from the secondary users; thus not only does the
sensing sequence of the channels affect the cooperative spectrum
sensing performance, but also the total time distributed among
the secondary users. We attempt to determine the optimal sensing
sequence (which secondary user should assign mini-slot to sense
which channel) that maximizes the throughput increase in each
step while improving the delay sensitivity at the same time.

This paper completes the analysis of non-identical sensing set-
ting where the initial part of the work has been published in [28].
The major contributions of this paper can be listed as follows:

(1) Detailed study of the optimal non-identical sensing setting
under the assumption that the secondary users have differ-
ent detection thresholds and noise powers. Non-identical
sensing setting is a potentially effective way in reducing
the sensing overhead.

(2) An iterative algorithm with polynomial complexity is devel-
oped and implemented to determine the optimal sensing
sequence that represents which secondary user should
assign mini-slots to sense which channel. At each step, the
sensing sequence selected is optimal, such that the through-
put increase can be maximized.

(3) Through extensive numerical experiments, it is verified that
the proposed iterative algorithm outperforms the scheme
which only allows the secondary users to assign identical
sensing time to the channels for spectrum sensing.

(4) A new performance metric delay sensitivity is defined to
evaluate the sensing performance of the proposed iterative
algorithm. It is shown that the authorized transmitting users
suffer a lower delay for data transmission and meanwhile
can achieve a higher throughput due to more time allocated
for data transmission.

The rest of this paper is organized as follows. The overviews of
the system model and spectrum sensing are introduced in Section 2.
The throughput of secondary users is derived in Section 3. An iter-
ative algorithm which is proposed to determine the optimal sensing
sequence such that the throughput increase can be maximized is gi-
ven in Section 4. Simulation performance evaluation and compari-
sons are detailed in Section 5. Finally, Section 6 concludes the paper.

2. Network model and spectrum sensing

In this section, the general network model for the non-identical
sensing setting problem is presented followed by an overview of
spectrum sensing.

2.1. Network model

We consider a system with M secondary users and N channels.
Let N ¼ f1;2; . . . ;Ng and M ¼ f1;2; . . . ;Mg be the sets of channels
and secondary users, respectively. Without loss of generality, we
only consider M P N, which is always true in reality. Each channel
is assigned to a primary user. However the primary user may not
be active all the time. The secondary user can opportunistically uti-
lize the channel when it is available, e.g. if the channel is not occu-
pied by the primary user, the secondary users can detect this
opportunity successfully and transmit their data. For each frame
duration, we group N secondary users as authorized transmitting
users and the remaining M � N as non-transmitting users. There
exist several policies to group the secondary users as authorized
users (e.g., according to their SNR or the traffic arrival rate). In
our paper, we propose the following policy to determine the autho-
rized transmitting users for each data frame.

(1) Initial selection of the authorized transmitting users
Að1Þ ¼ fið1Þ; jð1Þ; kð1Þ . . .g. They are randomly selected by the
common cognitive receiver at the beginning of the first
frame, where 1 6 ið1Þ; jð1Þ; kð1Þ . . . 6 M and jAð1Þj ¼ N;
Að1Þ �M.

(2) Incrementing parameter h, which is randomly generated by
the common receiver to derive the authorized transmitting
users for the next frame. h is less than the number of cogni-
tive users, 1 6 h < M.

(3) The next authorized transmitting users are determined by

Aðdþ1Þ ¼ ðAðdÞ þ hÞ mod M;d P 1 ð1Þ

where d indicates the dth frame, and both the plus and mod oper-
ations are applied to all the elements in AðdÞ. For example, the num-
ber of cognitive users (numbered 1–5) and channels are M ¼ 5 and
N ¼ 3, respectively, the initially authorized transmitting users are
Að1Þ ¼ f1;2;3g, and if the increment parameter h ¼ 2, then the next
authorized transmitting users are Að2Þ ¼ f3;4;5g, because

ðf1;2;3g þ 2Þ mod M ¼ f3;4;0g ð2Þ

where residue 0 means secondary user 5 is selected. This grouping
policy can guarantee each secondary user has almost equal chance
to become authorized transmitting user. It can be observed that dif-
ferent values of the increment parameter 1 6 h < M will have no af-
fect on the sensing performance.

Each basic frame structure of the secondary user consists of a
sensing phase and a data transmission phase, as shown in Fig. 1.
The sensing time is divided into a number of mini-slots, each is used
to sense one channel with duration d. During the sensing phase, the
secondary users can assign a number of mini-slots to a set of chan-
nels for spectrum sensing. Let K ¼ ½k1; k2; . . . ; kM �, where ki denotes
secondary user i assigning ki mini-slots for spectrum sensing.
L ¼ ½li;j�M�N where li;j represents secondary user i assigning li;j mini-

slots to sampling channel j. Note that ki ¼
PN

j¼1li;j. Unlike [25], this
paper allows secondary users to assign different sensing time to
sense the channel. Fig. 1 depicts an example of sensing mode for
N ¼ 3 channels and M ¼ 3 secondary users. It can be observed that
secondary user 1 assigns 5 mini-slots for spectrum sensing, and
the channel sensing sequence is f1;3;2;2;1g, which indicates
k1 ¼ 5; l1;1 ¼ l1;2 ¼ 2 and l1;3 ¼ 1. However, secondary user 2 only as-
signs 3 mini-slots for spectrum sensing and the sensing sequence is
f1;1;3g, that is k2 ¼ 3 and l21 ¼ 2; l23 ¼ 1. The sensing sequence
which represents how the secondary users assign the mini-slots
to the channels is the optimization parameter. Note that the sensing
sequence considered in our paper takes both the secondary users
and channels into account, which is different from [32–34] that only
consider channel sequence.
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