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Abstract—In cognitive radio networks, primary users (PUs)
can leverage secondary users (SUs) as cooperative relays to
increase their transmission rates, and SUs will in turn obtain
more spectrum access opportunities. While most existing works
assume that SUs are passively selected by PUs regardless of SUs’
willingness, in this paper, we propose a cooperative strategy for
SUs to actively decide whether to cooperate or not. Basically,
due to PUs’ time-varying traffic demands, it is essential for SUs
to firstly observe the channels and then select a specific PU
to cooperate with in order to save the energy. In our paper,
this decision related problem is formulated based on optimal
stopping theory where SUs observe PUs in time sequence and
then make decisions whether to stop observation and cooperate
right away or wait till next time slot to repeat the same process.
We address this problem by using backward induction and derive
the energy-efficient strategy for SUs. To validate the feasibility
of our proposed scheme, extensive simulations are conducted to
show the impact of PUs’ traffic demands on SUs’ decisions. The
results also reveal that the proposed optimal rule outperforms
the greedy selection strategy and is thus more energy-efficient to
be applied to the cooperative cognitive radio networks.

I. INTRODUCTION

Cognitive Radio (CR), as a promising solution to address-
ing the unbalanced usage of electromagnetic radio spectrum
[1], has attracted extensive attentions from both academia
and industry. Cognitive radio networks (CRNs) are designed
such that the licensed spectrum holes unoccupied by primary
users (PUs) can be opportunistically accessed by unlicensed
secondary users (SUs). In the real wireless propagation en-
vironment, however, PUs’ transmissions are subject to severe
damage due to multipath fading, which will greatly degrade
PUs network performance and then consequently impact SUs’
access to primary channels. To tackle this problem, cooperative
communication between PUs and SUs has been proposed as an
effective solution [2]. This regime exploits spatial diversity by
enabling SUs as cooperative relays to help PUs finish their
transmission as quickly as possible, while the SUs will in
return obtain more spectrum access opportunities as a reward
[3]. This framework is well known as a cooperative cognitive
radio network (CCRN), wherein the mutual benefit, i.e., a
“win-win” situation between PUs and SUs is realized.

As a combination of two promising techniques, cooperative
communication in cognitive radio networks has been recently
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studied in many literatures. In [2], CCRNs are proposed to
fully utilize spectrum resource and fulfill SUs’ demands. Based
on Universal Software Radio Peripheral (USRP) testbed, the
experiment shows the improvement of system performance
compared to traditional CRNs without cooperative commu-
nication. To study the spectrum sharing problem in CCRNS,
game theory has been widely used in [4]-[6]. Basically, these
game-theoretic schemes are based on hierarchial Stackelberg
model where PU is the leader and decides the fraction of time
for cooperation while SUs as a group of followers must obey
the decisions. In [7], to address cooperative relay selection
problem in CCRNs, the authors apply the optimal stopping
theory as the tool where the PU leads the decision as well
and the selected SU is forced to involve into the cooperative
communication with the PU.

However, given the increasing concern of the energy effi-
ciency in CCRNs and the fairness for SU network, it should be
noted that the selfish SUs may not be interested to cooperate
if they have no desire to access the channel or if the received
transmission opportunity is not enough to compensate their
energy cost during the cooperation. On the other hand, in
the aforementioned frameworks, the group of SUs with low
battery level can not be selected as relays even if they have
the willingness to cooperate, which is neither efficient nor
fair. In this sense, incorporating a more fair and energy-
efficient mechanism into CCRNs is essential to encourage
the cooperation among SUs. In this paper, we will focus on
the cooperative pair selection problem from SUs’ perspective.
In particular, we consider a cooperative framework in which
SUs will decide to cooperate with PUs or not based on their
energy concerns. When SUs have delay-tolerant packets, they
could wait for a better cooperation opportunity to obtain a
lower energy consumption. In our framework, we propose a
CCRN architecture consisting of entities that can reliably and
continuously sense the PUs’ traffic demands. The SUs then
query the sensing results from these entities and calculate the
instantaneous cooperation-induced energy cost. Afterwards,
the SUs compare the current energy cost with the expected
energy consumption and make the decision whether to stop
and cooperate right away or not. Our proposed strategy is
that SUs stop at the first time slot where the instantaneous
cost is no more than the expected cost and then pick the PU
with minimum traffic demand to cooperate. This strategy is
derived by firstly formulating the decision problem with the
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optimal stopping theory [8] and then solving by backward
induction. Extensive simulations are conducted to show the
impacts of PUs’ traffic demands on SUs’ decisions. The results
also indicate higher energy efficiency of our proposed strategy
compared to that of the greedy cooperation strategy.

The rest of the paper is organized as follows. The overview
of the system architecture is described in Section II. We discuss
the adopted optimal stopping rule and the protocol implemen-
tation in Section III. In Section IV, the simulation results of
performance evaluation are given. Finally we conclude our
paper in Section V.

II. SYSTEM ARCHITECTURE
A. Network Model

In [9], we have introduced a flexible architecture for CRNS,
which is called the cognitive capacity harvesting network as
shown in Fig.1. The network consists of four types of entities: a
secondary service provider (SSP), several base stations (BSs),
many relay stations (RSs) and SUs. Each entity in this hierar-
chical architecture has functions as follows. As an independent
wireless service provider, the SSP possesses its own spectrum
while harvests additional spectrum resources from primary
networks as well to enhance the QoS for SUs. The BSs are
interconnected through high-speed wired links while SUs can
communicate with BSs to further connect to Internet or other
data networks. The RSs are deployed to facilitate the access
of SUs and they can be viewed as a collection of cognitive
radio routers. BSs and RSs can switch to either basic bands
or harvested bands to communicate with SUs, which poses no

Cognitive Capacity Harvesting Network.

requirement of cognitive capacity on SUs. Hence, SUs can be
any devices using whatever accessing technology, e.g., laptops
using Wi-Fi or cell phones using GSM.

In this paper, we consider a CCRN that deploys our afore-
mentioned architecture where a number of PUs are distributed
in SSP’s coverage area. Suppose there are M PUs occupying
different licensed channels denoted as PU;, i = 1,2,..., M,
and their real-time traffic is different. When each primary
transmitter needs to deliver the packets to its corresponding
receiver, a secondary relay node which has better channel
condition can be selected to relay its packets. In our network
model, the primary users will broadcast their traffic demands
information to the secondary network to search for the quali-
fied helping nodes. The cognitive radio routers, which contin-
uously monitor PUs’ channel conditions and traffic demands,
will construct a real-time database for local PUs, as shown in
Fig.2. Given a specific time slot ¢;, j = 1,2,..., N, all the
PUs’ instantaneous traffic information is stored vertically in
the table as Lpy, (t;), ¢ = 1,2, ..., M. Note that the duration
of each time slot is 7.

The SUs, which have delay-tolerant packets, are interested
in accessing the primary channels. By periodically querying
the database at each time slot from the cognitive radio routers,
each SU will decide at which time to stop observing and with
which PU to cooperate. If none of the primary candidates are
satisfied, the SU will choose to wait till next time slot to repeat
the same process. Note that SUs’ delay-tolerant packets will
expire and be automatically dropped at ¢y if the cooperation
communication link is still not constructed, which is the worst
scenario.
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B. Time Frame Structure

In this paper, a TDMA-based multi-phase cooperation
scheme [10] is adopted for both PUs and SUs. The time
frame of duration 7' in the secondary user is partitioned into
four phases, as illustrated in Fig.3. In the first phase, the SU
queries the database from cognitive radio router, finds the best
candidate to cooperate with and then builds up the connection.
The PU then broadcasts its traffic in the second phase while
the SU relays in the third phase. In return, the SU’s packets
are transmitted over the corresponding primary channel in the
fourth phase. In SU’s relay phase, Decode-and-Forward (DF)
mode is used due to its flexibility regarding the time sharing
between direct transmission and cooperation [4].

Here, 7, a, # and +y are the time duration of each cor-
responding phase. In particular, 7 is identical for different
time slots, while «, 3 and 7 vary and are dependent on the
load of relaying traffic and channel conditions. However, the
underlying condition oo+ 3+~ < T — 7 poses a constraint for
the selection of PUs, which is explained in details in Section
1.

III. OPTIMAL STOPPING POLICY BASED
ENERGY-EFFICIENT COOPERATION STRATEGY

From the previous description, we know that the coopera-
tive pair selection is performed by SUs which observe the PUs
on time sequence 1, ts, ..., ty. In this paper, we focus on the
selection strategy for a single SU. At each time stage, the SU
calculates an instantaneous cost based on current observation
and the expected cost of future observations. By comparing
these two costs, the SU may stop and take current cooperation
opportunity, or continue and observe the next stage. Note
that the observation has a finite horizon known as the upper
bound ¢, at which the secondary user has to stop and take
the cost. Therefore, the selection of cooperative PU can be
formulated as a sequential decision problem and can be applied
to the optimal stopping theory domain. Next, we formulate the
problem in the following parts.

A. Problem Formulation

In the framework of CCRNs, the validity of cooperation
requires the traffic from PUs to be reliably relayed by SUs.
Therefore, the following constraint must be satisfied:

a;(t;)Cips = Bi(t;)Cisp M

where the channel capacity C; ps = W;log(l + SNR; ps)
and C; sp = W;log(l + SNR; gp) according to Shannon’s
theorem. W; is the channel bandwidth for PU;; SNR; ps
and SN R; sp represent the signal-to-noise-ratio of the channel
between the ith PU transmitter and the SU, and that between
the SU and the ith PU receiver, respectively. «;(t;) and 3;(¢;)
denote the time spent in the second and third phase respectively
if SU cooperates with the ith PU at time slot ¢;, where ¢ €
{1,2,..., M} and j € {1,2,...,N}. Specifically, ;(t;) and
Bi(t;) are calculated as follow:

Lpy,(t;

ai(t;) = %fs]) &)
L t;

Bilty) = %(PJ) 3)

where Lpy,(t;) denotes the traffic load of primary channel
PU; at time slot ;.

According to the frame structure described in Section II.B,
another constraint should be satisfied as well:
Lpu,(t) | Leuilty) , D o
Ci ps - * Ciss — @
where C;ss = W;log(l + SNRgg). SNRgs represents
the signal-to-noise-ratio between the secondary transmitter and
receiver; and D denotes the size of SU’s delay-tolerant packet.
The inequality in Eq.(3) guarantees an upper bound for the
total time which is spent from Phase 2 to Phase 4. Note that
the right side of the inequality is a constant, while the left side
is just a function of the random variable Lpy, (¢;) as long as
the channel bandwidth and SNRs are given.

Cisp

In order to investigate the impact of PUs’ traffic on
the decision of SUs’ cooperative pair selection, we assume
that PUs’ arrival traffic Lpy, (t;) follows a distribution with
probability mass function (PMF) f(k) and cumulative mass
function (CMF) F'(k) at each time slot. Here, & is the number
of arrival packets for PUs. For simplicity, it is assumed that
the probability distribution for each PU’s traffic is i.i.d. at any
given time slot, and the traffic arrivals in different time slots
are independent for each specific PU. In our architecture, the
cognitive radio routers preliminarily obtain the information
of PUs’ channel bandwidth and SNRs, and then broadcast
the information to SUs. By jointly considering the collected
information and the size of its own data packets, the SU sets an
upper bound on PUs’ traffic level, which automatically filters
out the group of primary users with heavy traffic demands.
Based on Eq.(3), the defined upper bound is given as follows:

D+ Cips-Cisp
Cips+Cisp

where th; is denoted as the upper bound on the traffic over
channel PU;.

thi = (T — T — 5)

Ciss



In our scheme, we consider that the SU selects one single
PU to construct the cooperative communication link. Given the
upper bound from Eq.(5), the SU actively screens a collection
of primary candidates and picks a single PU of the mini-
mum traffic load. Since Lpy, (t;),Lpu, (t;), .., Lruy, ()
are i.i.d. random variables and have the same PMF f(k) and
CMF F'(k), we can rearrange these discrete random variables
in a non-descending order of magnitude, i.e., L) (t;) <
L9y (tj) < ... < Ly (tj), where L,y (t;) is the rth order
smallest number in the group. Note that these order statistics
are also random variables and computing the probability dis-
tribution of L) (t;) is of our interest. In general cases, the
PMF of the rth order is calculated as follows:

=35 (M) (M) v

pn=0 w=0
X £ x

Fr e (

[1—F(k)*
(6)

It is obvious that the rth order statistic follows the multi-
nomial distribution [11], where there are p numbers of PUs
less than or equal to & — 1, w numbers of PUs greater than
or equal to k + 1 and the other M — y — w numbers of PUs
exactly equal to k. Specifically, the 1st order statistic can be
easily found by setting  equal to one. The formula is shown
below.

M-1 /o

M—w w

frvay W =3 (2 )@ n- e o
w=0

Note that the 1st order statistics at different time slots are i.i.d.

random variables and they have the same PMF fr, ;) (k) as

shown in Eq.(7). '

After calculating the probability distribution of the min-
imum traffic arrival, we define an indicator function © to
represent the SU’s cooperation decision, which is given by

o— 0 Not cooperate if k& > th;
o 1 Cooperate if k < th;

Next, we derive the instantaneous energy cost function
denoted as Y'(¢;). From the time frame structure shown in
Fig.3, it can be seen that the SU’s energy consumption consists
of four parts: observing, receiving and relaying the PU’s traffic,
and transmitting its own packets. At the observation phase in
particular, the energy consumption always exits regardless of
SU’s cooperation decision. Hence, this term can be viewed
as the weighting factor when the SU stops after the jth
observation. It is obvious that the more time the SU waits
for a good PU, the higher chance that the SU will consume
more energy. Also in this first phase, the process of querying
CR router’s database is similar to the IEEE 802.11 RTS/CTS
mechanism, wherein the SU first transmits a RTS (Request-To-
Send) message to the CR router while the CR router returns
a CTS (Clear-To-Send) frame which contains the information
of channel conditions and PUs’ traffic.

®)

In the following phases, the SU’s transceiver generally uses
the fixed transmitting power P, and receiving power P,
during the communication process. Therefore, up to this point,
the energy cost function can be described as follow:

where the value a(t;) measures the time spent in receiving
PU’s packets and it is a random variable whose probability
value is determined by the channel condition and the selected
PU’s traffic according to Eq.(2). Relaying PU’s packets takes
time B(t¢;) and it can be calculated from Eq.(3). The value
~(t;) represents SU’s transmission time which is not affected
by PU’s packets but determined by its own data payload and
the channel condition. In our scenario, we assume that the
channel bandwidth and SNRs are measured preliminarily and
the SU’s data payload is known as well. Therefore, the total
energy consumption is a random variable which is determined
by the selected PU’s traffic level and its probability can be
calculated from fr, ;) (k).

B. Optimal Stopping Rule

The cost function has been derived as mentioned above. In
this subsection, the optimal stopping rule is applied to solve
the cooperative pair selection problem. The scenario can now
be summarized as follows: after the jth observation, the SU
calculates the energy cost of Y(¢;). Standing at current stage,
the SU should decide whether to stop or to continue observing.
In principle, this problem can be addressed in the domain of
optimal stopping theory by the method of backward induction.
Since the observation must stop at ¢y, we can first get the
optimal rule at ¢ty_;. After the optimal rule at ¢ _; is known,
we then derive the optimal rule at ¢5_o, and so backward to
the initial stage t1. Denote VjN as the minimum energy cost
that the SU could obtain at stage j. It can be calculated as
follow:

VY = min (¥ (1), B [V} (10)

The above equation basically explains the idea of optimal
stopping rule: the SU compares the cost Y (¢;) for stopping at
stage j with the cost &/ [V +1] which is expected to obtain by
continuing observation and applying optimal stopping rule for
stage j + 1 towards N. Hence, the optimal decision is to stop
at stage j if Y'(¢;) is less than E [V 1], while to continue if
otherwise. Note that it is optimal to stop at the earliest ;7 when

Y(t;) < E[V}Y,] first comes up.

In the following discussion, the expected cost E [V/Y,] is
derived using backward deduction. Firstly, since the SU must
stop at stage N, the expected cost for the last stage is given
as

th;

Zy =E [V = E[Y(tn)] = Y Y(tn) fr o) (B)+
R k=0 11
Z PtINTfL(l)(t]’)(k)

k=th;+1
Inductively, at stage j, the expected cost I [V +J is shown
below
th?

Zn—j = Emin{Y(t;), Zn—j1}] = ZY )Lyt (R)+

th;
Z ZN—j—lfL(l)(tj)(k) + Z PtijfL(l)(tj)(k)
k=th]+1 h=thitl

12)



For convenience, Z_; is used to represent the expected cost
E [VJ{VH] . Note that Zy=o0 since there is no future observation
standing at stage ¢x. The th] is an intermediate threshold
integer which can be solved by setting Y'(;) equal to Zny_; 1

and is subject to 0 < th! < th;.

Algorithm 1 : The Optimal Stopping Rule

1: The CR router determines the specifications of CCRN
architecture, e.g. M, W;, SNR and etc;

2: for j=1 to N do

3:  The CR router broadcasts PUs’ real-time traffic and SU
calculates the energy cost Y (¢;) according to Eq.(9);

4:  The SU computes the expected energy cost Zx_; from
backward based on Eq.(12);

5: if Y(t]) > ZN—j then

: The SU waits for next time stage j + 1 to observe

PUs;

7:  else

8: The SU stops at current time stage j, selects the PU
of minimum traffic level and takes the energy cost
Y(t));

9: end if

10: end for

In order to draw a more clear picture of our optimal
stopping rule, the Algorithm 1 presents the detailed procedures
to select the optimal primary user. In this algorithm, it shows
that the selection process stops either at a certain time stage
where the instantaneous cost Y (¢;) is less than the expected
energy cost or at the last step upon which the effectiveness of
the delay tolerant packet is expired.

IV. PERFORMANCE EVALUATION
A. Simulation Setup

In this section, simulations are conducted to evaluate the
performance of our proposed scheme. In our network environ-
ment, there are M = 15 primary users which occupy different
licensed channels. The PUs’ traffic k£ follows the poisson

k

distribution of PMF f;(k) = Le~!, where [ indicates the
average traffic level. For simplicity, the channel conditions, i.e.,
SNRps, SNRgp and SNRgg are assumed to be constant
during the selection process and the channel bandwidth is
IMH z for each PU. In the aspect of SU, suppose it has a
delay tolerant packet with 10Mbits payload which must be
sent out within 200s. The utilized transmitting and receiving
power in SU’s transceiver system is assumed to be fixed and
of value 1W and 0.6, respectively. The duration of a time
slot is 10s, i.e., T' = 10s; the time for observation 7 = 0.05s.
Hence, these 200 seconds can be equally divided into 20 slots
and each of them has the same structure as shown in Fig.3.

We study the impacts of the PU’s traffic Lpy, (¢;) on
the system performance in terms of energy consumption and
average number of observation steps. The simulation results
are shown in this section through 300 independent runs.
Furthermore, the simulations are also conducted to provide a
deep insight of the effect of channel condition SN Rs on the
aforementioned system performance.
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B. Results and Analysis

Firstly, SNRps, SNRgp and SN Rgg are set to be 27dB,
27dB and 30dB, respectively. Based on Eq.(4), the upper bound
for PUs’ arrival traffic is calculated as 40M bits. Hence, the
SU’s strategy when the average of PUs’ arrival traffic ranges
from 1Mbits to 40M bits is simulated, as shown in Fig.4. The
simulation result shows that with the increase of PU’s arrival
packets, the number of optimal observation steps increase. The
reason is that with low PU’s traffic level, the SU can easily
find a qualified PU with low cooperation energy cost at earlier
stage and thus does not need to wait for longer steps which
will otherwise brings additional observing cost from 7. While
as PUs’ traffic increase, the SU prefers to wait for more steps
till the qualified PU shows up to minimize the energy cost
because observing more steps provides SU more choices to
select the best PU candidate.

By applying the optimal stopping rule, the obtained energy
cost with respect to PUs’ arrival traffic is depicted in Fig.5.
For comparison, the energy consumption when using greedy
strategy is also shown in the same figure. The idea of greedy
strategy is that regardless of energy consideration, the SU
chooses to cooperate whenever receiving PU’s request, which
is the traditional strategy for the SU in existing literatures.
It can be seen that with the increase of PUs’ arrival traffic,
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the energy cost using whichever strategy also increases si-
multaneously. This coincides with our intuition because the
larger PU’s traffic that the SU helps to relay, the longer time
it takes for cooperation which results in higher energy cost as
a whole. However, the comparison in the figure clearly shows
that the system performance by applying optimal stopping rule
outperforms that with the greedy strategy, which indicates the
higher energy efficiency of our strategy.

To further investigate the impact of PUs’ channel qualities
SNRps and SNRgp on the SU’s cooperation strategy, we
conduct simulations to evaluate the system performance with
the variation of SNRpg and SN Rgp. For simplicity, suppose
SNRps and SN Rgp are equal and both change from 24dB
to 43dB linearly. The simulations are conducted under the
situation where PUs’ arrival traffic are 40Mbits and SU’s
packet payload is 10M bits. The result shown in Fig.6 indicates
that when PUs’ channel qualities get better, the SU takes less
steps to select the PU. Note that as the SNR becomes good
enough, the number of observation steps converges to a certain
value. The reason is that the SU has few choices when PUs’
channel qualities are bad and thus waits for more steps till the
qualified PU shows up, while the SU can stop earlier since the
good channel qualities provide more PU candidates to select.

The simulation result of the relationship between SU’s
average energy cost and PUs’ channel qualities is given in
Fig.7. For comparison, the system performance by applying
greedy strategy versus using our proposed optimal stopping
rule are plotted in the same graph. The figure leads to the fact
that better channel conditions save more energy for the SU; and
more importantly, our proposed strategy yields higher energy
efficiency than that by the greedy strategy.

V. CONCLUSIONS AND FUTURE WORK

In this paper, we studied the energy-efficient selection strat-
egy for the SU to cooperate with the appropriate PU in CCRNS.
Unlike the traditional assumption that SU blindly follows PU’s
decision in cooperation process, we allowed the SU to actively
select the qualified PU to cooperate based on SU’s energy
concern. This selection problem was formulated by optimal
stopping theory. By applying backward induction, we solved
the problem and derived the optimal stopping rule for SU’s
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Fig. 7. PU’s channel SNR vs. the average energy cost.

selection strategy. Extensive simulations were conducted to
study the impacts of different PUs’ channel parameters on SU’s
decision strategy. We also compare the system performance of
the optimal stopping rule with the greedy strategy to validate
the benefit of our proposed strategy for the SU.

In the future research, we will extend this work to the case
of relay selection by jointly considering the energy efficiency
for SU networks and PU networks as a whole.
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