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Abstract—In cooperative cognitive radio networks (CCRNSs),
through cooperating with primary transmissions, secondary users
(SUs) could access the spectrum resource when primary users
(PUs) are transmitting. The existing schemes in CCRNs allocate
the spectrum resource only to the cooperative relay SU. However,
this may lead to the waste of spectrum resource, especially when
the relay SU has light traffic load or poor channel condition.
To better utilize the spectrum among all SUs in a secondary
network, we design a spectrum resource utilization maximization
scheme with joint consideration of relay selection and spectrum
scheduling problems. With the goal to maximize the throughput
of the secondary network, our scheme allocates spectrum among
all SUs according to the diversity of secondary traffic load and the
channel conditions. Besides, considering that the SUs are always
energy limited, we also formulate the energy constraint for each
SU to avoid the energy consumption exceeding the total available
energy. Moreover, we study the resource allocation problem from
long-term view under dynamic network setting, and design an
online algorithm to solve it. Through extensive simulations, we
show that the proposed scheme outperforms the existing schemes
in terms of secondary network throughput.

I. INTRODUCTION

Recently, the boost of wireless services leads to a dramatic
increase in the demand for spectrum resource. However, the
current fixed spectrum allocation of Federal Communications
Commission (FCC) can not utilize spectrum resource effi-
ciently. One of the promising approaches to increase spec-
trum efficiency is cognitive radio technology, which enables
secondary users (SUs) to sense spectrum and opportunistically
access idle spectrum bands owned by primary users (PUs) [1],
[2].

Cooperative cognitive radio network (CCRN) [3], [4] is
a new paradigm in cognitive radio networks. Different from
traditional cognitive radio networks in [5], [6], by integrating
cooperative communications, SUs in a CCRN could still
gain transmission opportunities even when PUs are active to
transmit. To further illustrate CCRNs, consider a toy example
in Fig. 1. PU; is transmitting to PUs, and in the same
geographic area, SU; and SU; are intending to send data to
secondary access point (SAP). We consider that with SU;
as the cooperative relay, the relay link PU;-SU;-PU, is
superior to the direct-transmission link PU;-PUs in terms of
primary transmission rate [7]. Then, SU; can be involved to
increase the primary transmission rate and help the primary
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Fig. 1. An illustrative example of CCRNs

transmission. Since the primary transmission is finished earlier
with the cooperation, more vacant time period is created. In
return, this vacant period from the cooperation can be further
used by SUs for their own secondary transmissions. In this
way, CCRNs bring a win-win situation to both PUs and SUs.

Recently, the cross-layer resource allocation problem in
CCRNSs has been studied in [8]—[10]. Simeone et al. in [8] first
propose the resource allocation problem under time invariant
CCRNs, and formulate a Stackelberg game to obtain the
optimal relay selection and secondary transmission scheduling.
Zhang et al. in [9] study a similar problem, but consider a
revenue issue in the utility function of PUs. Khalil et al. in [11]
extend the resource allocation problem into dynamic CCRNSs,
where the network setting such as channel fading and traffic
arrival rate changes over time. Xu and Li in [10] investigate
the problem in multi-channel CCRNs. They consider OFDMA
based multi-channel primary networks, and add the channel
diversity into resource allocation problem.

An implicit premise of these works is that only the relay
SU (e.g., SU; in Fig. 1) could use vacant time period which
is created from cooperation. However, if we maximize the
throughput of the secondary network, this premise may result
in waste of spectrum resource especially when the following
cases apply: 1) the relay SU does not have secondary data to
transmit, while other SUs (e.g., SU;) have a large amount of
data to transmit; ii) the channel condition from other SUs to
SAP is much better than that of the relay SU. Therefore, to
maximize the secondary network throughput and better utilize
the spectrum resource derived from cooperation, we should
optimally allocate such resource among all SUs based on their
channel condition and traffic amount, rather than allowing
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only the relay SU to access it!. More specifically, like the
infrastructure secondary service provider (SSP) in [12], the
SAP could be assumed to conduct the centralized control and
spectrum resource collaboration among all SUs to improve the
secondary network performance.

Besides, given the fact that SUs are always energy limited,
a SU may not be willing to spend too much energy for
cooperation, since it needs to maintain energy for its own sec-
ondary transmissions. Both cooperation energy and secondary
transmission energy consumption are challenging the energy
limitation. Thus, when we study the spectrum allocation prob-
lem in CCRN:Ss, the relay selection and secondary transmission
scheduling should be considered jointly. Even though [13] has
studied a similar energy issue in CCRNs, it mainly focuses on
single SU scenario and fails to consider channel diversity when
conducting resource allocation in CCRNs.

From the observations above, we design a novel cross-
layer resource allocation scheme in CCRNs, to maximize
spectrum utilization among all SUs in a secondary network.
We consider the relay selection and secondary transmission
scheduling jointly, with the objective to maximize the through-
put of the secondary network. The relay selection chooses
the optimal SU to cooperate with primary communications,
and the secondary transmission scheduling optimally allocates
spectrum resource among all secondary transmissions. More-
over, we specify an energy constraint for each SU to find
the trade-off between these two aspects. In addition, since
the network setting and primary activity is time varying in
practical CCRNs, we study the average performance over a
relatively long period of time to integrate the dynamic feature.
Finally, we design an optimal online algorithm, which solves
the long-term optimization problem by only requiring instant
network information. Simulations demonstrate that the pro-
posed scheme has great advantages over the previous schemes
in terms of secondary network throughput in CCRNs.

The rest of this paper is organized as follows. In Section II,
we introduce the system model. In Section III, we formulate
the resource allocation problem in CCRNs with the goal of
spectrum utilization maximization. We propose an optimal
online algorithm to solve it in Section IV, and present the nu-
merical simulation results in Section V. Finally, we conclude
this paper in Section VI.

II. SYSTEM MODEL

We consider a CCRN as shown in Fig. 2. There is a primary
network with primary node set Np and link set Lp, and a
secondary network with secondary node set Ng and one SAP.
Each SU has data to send to the SAP. In specific applications,
the SAP can be viewed as the SSP in the architecture [12],
the femtocell base station in [13] or the sink node in sensor
networks [14]. We use capital letters to denote PUs, small
letters to denote SUs and O to denote SAP. Also, we denote
a link by its transmitter-receiver pair. For example, M N

'Here, we assume that to maximize the secondary network throughput, the
relay SU agrees to share this vacant period with other SUs in the secondary
network even though they don’t contribute to this cooperative transmission.
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Fig. 2. Toy topology of a CCRN
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Fig. 3. Time splitting in a control interval

represents the primary link from M to N, ¢N means the link
from SU ¢ to PU N, and i0 is the link from SU ¢ to the
SAP. Time is discretized into control intervals. In each interval,
similar to SSP in [12], SAP is assumed to conduct centralized
control through the information exchange with users in the
CCRN over a common control channel. Note that PUs and
SUs are willing to exchange information with SAP since both
of them could benefit from SAP’s control.

In interval ¢, we have 1y n(t) = 1 if the primary link M-N
is active; otherwise, nan(t) = 0. We consider a small geo-
graphic area where all SUs in the secondary network can sense
the same spectrum environment. In this small area, primary
links may interfere with each other. To avoid such interference
among PUs, we assume that at most one primary link could
be activated in each interval, i.e., ZMNeLP nun(t) < 1.

In interval ¢, if primary link M-N is activated and SU 3
cooperates as a relay, interval ¢ will be split into cooperation
period and secondary transmission period, as shown in Fig. 3.
During the cooperation period, M first transmits data to N
in period «r;(t), and meanwhile, SU i overhears the data
due to the broadcast nature of wireless transmission. Then, ¢
forwards the received data to N in period (3; y (t). According to
the secondary transmission scheduling strategy, the secondary
transmission period is further divided into |Ng| sub-periods,
where ;o (t) represents the time allocated to ¢ to conduct its
own secondary transmission. We assume channel fading are
independent and identically distributed (i.i.d.) across intervals,
and independent across different users. Channel gains change
over time, but remain constant within each interval, implying
channels and nodes in the CCRN are relatively stationary,
which is consistent with practical applications for wireless
LANs. This also hints that the time interval will not be
too short (e.g., the length of the interval could be tens of
milliseconds for a slow fading channel [15]), thus the time
splitting during the interval is meaningful.
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In interval ¢, for SU ¢, we use \;(t) to denote the traffic
arrival rate at its transport layer, and A;(¢) to denote the
admitted rate from the transport layer to the network layer.
A;(t) is usually bounded by a positive constant A, to avoid
infinite data to the network layer. Besides, h;n (t) represents
the instant channel gain of link M- in interval ¢. Similarly,
we define haz;(t), hin(t) and ho(t) for links M-i, i-N and
1-0, respectively. We consider fixed transmission power for all
users in the CCRN. Let P and P’ represent the primary and
secondary transmission power, respectively. Without loss of
generality, we assume the length of a control interval is 1, the
spectrum bandwidth is 1, and the noise power is Nj.

III. PROBLEM FORMULATION

A. Relay Selection Constraint

For simplicity, we assume that at most one SU is selected
as the relay in each time interval, i.e.,

Z O (t)

1€ENg

D

TIMN

where 60,5 (t) = 1 means that the SU i is selected as the
relay for primary link M-N; otherwise, we set 6%, (t) = 0.

B. Cooperation Constraints for SUs and PUs

We assume the Decode-and-Forward mode [7] is adopted
at the relay node. Thus, the transmission rate over relay link
M-i-N is,

S () = min{ 0y () v () s (t) log (1 + Vlzm]\(;;)PP),
0% v (O (1) Bin (t) log(1 + Ihuvj(vﬂ)}
0

With cooperative communications, all the data received by
the relay SU ¢ from PU M in period «py;(t), must be delivered
from i to PU N in period (;n(t). Therefore, we have the
following cooperation constraint for SUs:

O (Dmarn (£anri(t) log(1 + PalOEP)
GQN(t)ﬂMN(t)ﬁiN(t) log(1 + M). )

When (2) holds, R,y (t) could be rewritten as R%, () =
Oy (8o (g (1) log (1 + 1 lE),

For PUs, the primary transmission rate under cooperation
mode should be no less than that without cooperation, so that
they have incentive to cooperate with SUs. Therefore, we have

the cooperation constraint for PUs as below,
n |haw ()PP

nuw (t) log(1 4 ) <
0
. hari(t)[> P
iezN:S Onr v (E)narn () angs () log(1 + %)4‘
4 ha, t 2P
(1 - Z 9}\/1N(t))77MN(t) log(1 + %), .
iENs

where the left-hand-side (LHS) represents the primary trans-
mission rate over direct link M-N. The right-hand-side (RHS)

integrates the rate into two parts: if the primary activity is
cooperated with a SU, i.e., > ieNs 0i, () = 1, the RHS
equals to R, (t); while if it transmits under non-cooperation
mode, i.e., 1 =Y ;. 04 n(t) =1, the RHS equals to LHS.

C. Secondary Transmission Constraint

Recall that the length of a control interval is 1, the summa-
tion of all sub-periods should satisfy

> mun®[ Y Ohun(®) (earit) + Biv () +

MNeLp iENg
(1- Z Ohn(t)] + Z ~io(t) < 1. “4)
1€ENs i€ENg

In constraint (4), when all primary links are inactive, i.e.,
Yomnern, M () =0, 3 ey, vio(t) < 1 holds. This means
the interval could be totally used for secondary transmissions.
However, in the case where a primary link is activated
and no SU is selected as the relay, constraint (4) becomes
L+ > iens Yio(t) < 1. In this case, SUs can not access
this interval to conduct transmissions. Moreover, if a primary
link is activated and a SU is selected as the relay, we have
anri(t) + Bin(t) + 2 iens Yio(t) < 1, which constrains the
summation of sub-periods aps;(t), Bin(t) and ~;o(t) will not
exceed 1.

D. Secondary Queueing Stability Constraint

Each SU ¢ maintains a queue (7, (t) on its transport layer
and a queue @y, (t) on the network layer. The queue update
equations are

Qr,(t+1) = max{Qr, () ~ A:(9),0} + A (1),
Q.1+ 1) = max{@u (1)~ vo(0)log(1 + "2 o)
+ Az(t)a

where ,0(t)log(1 + M) is the instant secondary
transmission rate calculated based on secondary transmission
scheduling.

Our objective is to maximize the secondary network
throughput, while keeping the network layer queue Qy; (%)
stable on each SU. To this end, for Qn;,(t), its long-term
averaged input rate (i.e., admitted rate) must be less than its
long-term averaged output rate (i.e., transmission rate) [16],
[17]. That is,

T—1
Jim 7 ; E[4:(t)] <
|hi0(t)|2P/
lim — S Efyio(t)1 o017y
Jim Z [io(t) log(1 N ) ©)

In addition, note that A;(¢) is bounded by the transport layer
queue Qr,(t) as well as A,,,,. We have
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E. Energy Constraint for SUs

To avoid the energy consumption exceeding the total
available energy, we introduce E!, . to denote the aver-
aged available energy of ¢ during a control interval. For
each SU, E! _ is pre-determined and is proportional to
its total available energy amount. In interval ¢, ¢’s energy
consumption consists of two parts: the cooperation energy
Sninver, Man ()03, (1) Bin (t) P and the secondary trans-
mission energy v;0(t)P’. For each SU, we design the energy
constraint to specify that its long-term averaged energy con-

sumption is less than the E¢ _, which is expressed as,

ave’

lim
T—o0

% Z_: E[ Z N ()05 5 ) Bin ()P + vio(t) P']

t=0 MNELp
<El. (7

In order to satisfy constraint (7), we introduce a virtual
energy queue Qg, (t) for each SU [18]. The update equation
of the virtual queue is

Qp,(t+1) =max{Qp, (t) — E%,.,0}+
> w0 n (O)Bin (8) P+ vio(t) P
MNELp

Similar to the network layer queue Q;, (¢), if Qg, (¢) is stable,
its input rate will be less than its output rate [17]. In that case,
the energy constraint (7) holds.

F. Objective Function

The objective is to maximize the secondary network
throughput, which is defined as the summation of long-term
averaged admitted rate over all SUs:

max E

i€Ng

@;ﬁzE

G. Overall Optimization Problem

Based on the analysis above, to maximize the spectrum
utilization among all SUs with energy limitation, we jointly
formulate the relay selection and secondary transmission
scheduling problems with the goal of secondary network
throughput maximization as follows:

=
max | TlgnOo T Z E[A
1ENg t=0
subject to: (8)
O
v () € {0, 1}, Vi e Ng,YMN € Lp,Vt

0 <ami(t) <1,
0<Bin(t) <1,
0 <o(t) <1,

Vi€ Ng,YMN € Lp,Vt

Vi € Ng,YMN € Lp,Vt

Vi € Ng,Vt,

where A;(t), 04,5 (), anri(t), Bin (t) and ~;o(t) are decision

variables, and P, P, Aoz, Elpes No» Qr,(t), nan(t),
han (t), hari(t), hin(t) and ho(t) are constants.

In problem (8), the long-term performance is considered in
both the objective function and constraints (5) and (7), where
the statistical network information, e.g., channel conditions,
traffic arrival rate and primary activities, is required. However,
the statistics is hard to obtain in practical CCRNs, and this
does pose significant challenges to solution process. There-
fore, we develop an optimal online algorithm in Section IV.
In the algorithm, the instant optimization problems of each
control interval are defined, and the long-term optimum can be
achieved through running the algorithm over a period of time.
In each interval, the instant optimization problem is solved
based on the instant information of the current interval.

IV. AN OPTIMAL ONLINE ALGORITHM

To solve the long-term optimization problem (8), we design
an optimal online algorithm according to Lyapunov optimiza-
tion tool [16]. Its basic idea is to minimize the Lyapunov drift-
plus-penalty function [17], which is expressed as

)=V > ElA(1)|QN(1),Q

1€ENg

where AL(t) = 3E[Y,c v, Q% (t+1)+Q7%, (t+1)—Q%, (1) —
Q%, (1)|Qn, (1), QE, (t)] is the Lyapunov drift function of
problem (8), and V' > 0 is a pre-defined constant to balance
the tradeoff between the network throughput and network
delay [19]. Specifically, from Lyapunov drift analysis [16],
[17], with the increase of V, the objective of the proposed
online algorithm is close to the optimal throughput. However,
the network delay is also increasing.

Moreover, the minimization of the Lyapunov drift-plus-
penalty function can be further decomposed into instant ad-
mitted control and network control problems in each interval.
The details is shown as follows.

min AL(t g ()],

A. Admitted Rate Control at SUs

In interval ¢, each SU ¢ locally solves the following opti-
mization problem in terms of its admitted rate A;(t).

min A;(¢)(Qn, (t) = V)
subject to:

A;(t) < min{Ana0, Qr.(t)}, Vi€ Ng,Vt.

B. Centralized Control at SAP

In interval ¢, the SAP first collects the current network
setting information from PUs and SUs. Then, it solves the
optimization formulation (9) below to attain the optimal relay
selection and secondary transmission scheduling strategy for
the current interval.

win 35 Qe X mun@hex(On (0P

1€ENg MNEeLp
|hi0(t)|2P’
+ Yio(t ) > Qn,(t)vio(t) log(1 T)
i€Ng
subject to: 9)
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H—®),
O (t) € 0,13,
0 <an(t) <1,
0<Bin(t) <1,
0 <7io(t) <1,

Vi € Ng,YVMN € Lp,Vt
Vi€ Ng,YVMN € Lp,Vt
Vi e Ng,YMN € Lp,Vt
Vi € Ng, Vt.

Note that since the variable 6%, ;(¢) is binary, (9) becomes a
mixed-integer non-linear programming problem, which is hard
to solve. Fortunately, we observe that when problem (9) under
non-cooperation mode, i.e., {#i,5(t) = 0,i € Ng,MN €
Lp}, it becomes a linear programming problem, which is
easy to solve. Similarly, for problem (9) under the cooperation
mode, for each SU i, if we postulate that this SU is the
cooperative relay, ie., {0i,5,(t) = 1,MN € Lp} and
{04, 5 (t) = 0,4 #i,i € Ng, MN € Lp}, then (9) also
converts to a linear programming problem. For this reason,
problem (9) can be solved through the following steps. First,
SAP fixes 0%, (t) and solves |[Ng| + 1 linear programming
problems under non-cooperation and cooperation modes, re-
spectively. After that, SAP compares the |Ng| + 1 objective
values and chooses the minimum one as the optimum. In
this way, the optimal 0%, (), ari(t), Bin () and v;o(t) are
obtained and problem (9) is easily solved over a finite set. The
details is shown in Algorithm 1.

Algorithm 1

1: SAP solves (9) under non-cooperation mode, by setting
{0%,5(t)=0,i€ Ng,MN € Lp};

2: For each SU ¢, SAP assumes this SU is the cooper-
ative relay and solves (9) under cooperation mode by
setting its corresponding {0%,5(t) = 1, MN € Lp} and
{00, 5 (t) =0,i' #4,i € Ng, MN € Lp};

3: SAP compares the |Ng| + 1 results, and chooses the
minimum one as the optimal solution.

We can prove that through running the admitted control and
network control algorithms above for a period of time, the
long-term optimum of (8) can be achieved. Due to the space
limitation, we omit the proof here and it can be found in [17].

V. PERFORMANCE EVALUATION

We generate a random primary network with 25 primary
links within an area of 100m x 100m. In each interval,
we randomly choose one primary link, and activate it with
probability Pry,s,. In the same area, there is a secondary
network with randomly located SUs and the SAP. Channel
gain h is modeled with large-scale path loss and small-scale
fading, where large-scale path is composed by path loss and
shadow fading. We set A0 = 20, P =P =10,V =70
and iteration time %,,,,, = 4000. For each SU, we assume the
traffic arrival rate at transport layer follows a Poisson process
with mean rate \;, where \; is randomly chosen from [1,5].
Moreover, Ny = 3.38 x 107! and E? _ is randomly selected
from [1,5] for each SU i.

Under this topology, we compare the throughput perfor-
mance of the proposed spectrum utilization maximization
cooperation (SUM-Cooperation) scheme with the conventional
simple cooperation scheme (Sip-Cooperation) [8], [9] and
Non-Cooperation schemes [1]. Results are shown in Fig. 4-
Fig. 6. Here the Sip-Cooperation scheme allocates the sec-
ondary transmission period only to the relay SU, and the Non-
Cooperation scheme does not consider cooperative communi-
cations between primary and secondary networks.

In Fig. 4, we set Pry,s, = 0.3 and the number of SUs is
5. We plot the long-term secondary network throughput w.r.t.
the Poisson mean rate a)\;, where a increases from 1 to 6. It
can be seen that under SUM-Cooperation and Sip-Cooperation
schemes, the secondary network throughput increases with
a; while under the Non-Cooperation scheme, the secondary
network throughput becomes steady when a is greater than 3.
This is because when Poisson mean rate a\; increases, more
secondary traffic could be admitted to the secondary network
through SUM-Cooperation and Sip-Cooperation schemes, and
thus, the throughput increases dramatically. However, since
cooperative gain is not involved in Non-Cooperation scheme,
when a becomes large, the secondary network under Non-
Cooperation scheme is not able to admit more traffic and the
throughput becomes saturated.

In Fig. 5, we evaluate the network throughput under
three schemes with different number of SUs by setting
Pryusy = 0.3 and aX; = 3)\;. The result shows that the
secondary network throughput under SUM-Cooperation and
Sip-Cooperation schemes increases with the number of SUs.
The reason is with the cooperative gain in the two schemes,
the increasing number of SUs provides more cooperation
opportunities in CCRNs, and thus, increases the secondary
network throughput. In Non-Cooperation strategy, when the
number of SUs is small, the throughput increases with the
number of SUs. However, when the number of SUs is larger
than 4, the throughput keeps steady. The initial increase of
Non-Cooperation curve may be caused by the increment of
total traffic arrival rates when the number of SUs grows from
3 to 4.

Moreover, we exam throughput performance versus the busy
probability of PUs Pry,s,, where a); = 3); and the number
of SUs is 5. Fig. 6 demonstrates that as Pry,s, increases,
the opportunities for secondary transmissions decreases, which
results in the decrease of secondary network throughput
under the Non-Cooperation scheme. However, in the Sip-
Cooperation and the proposed SUM-Cooperation schemes, the
throughput decreases slowly since cooperation could create
transmission opportunities for SUs when PUs are busy.

Finally, it can be seen from Fig. 4-Fig. 6 that the proposed
SUM-Cooperation scheme always has advantages over the Sip-
Cooperation and Non-Cooperation schemes in terms of sec-
ondary network throughput. As a result, the proposed scheme
could better utilize the spectrum resource for secondary net-
works to obtain higher secondary network throughput.
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VI. CONCLUSION

In this paper, to maximize the spectrum utilization among
all SUs, we have proposed a resource allocation scheme under
dynamic CCRNs with energy constraint. We consider the
relay selection and secondary transmission scheduling jointly,
and formulate the resource allocation problem from long-
term perspective. To obtain the long-term optimum, we design
an optimal online algorithm based on instantaneous network
setting. Through simulations, we show the proposed scheme
could achieve higher secondary network throughput than the
existing schemes and provide better spectrum utilization.
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