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OppOrtunistic Relaying Based Spectrum Leasing for
Cognitive Radio Networks

Asaduzzaman, Hyung Yun Kong, and Insoo Koo

Abstract: Spectrum leasing for cognitive radio (CR) networks is
an effective way to improve the spectrum utilization. This paper
presents an opportunistic relaying based spectrum leasing for CR
networks where the primary users lease their frequency band to the
cognitive users. The cognitive users act as relays for the primary
users to improve the channel capacity, and this improved capacity
is used for the transmission of secondary users’ data. We show that
the cognitive users can use a significant portion of the communica-
tion resource of primary networks while maintaining a fixed target
data rate for the primary users. Moreover, the primary network is
also benefited by the cooperating cognitive users in terms of outage
probability. Information theoretic analysis and simulation results
are presented to evalnate the performances of both primary and
cognitive networks.

Index Terms: Cognitive radio (CR), cooperative diversity, fading
channel, opportunistic relaying, spectrum leasing.

L. INTRODUCTION

Cognitive radio has attracted a great deal of attention in re-
cent years to enhance the utilization of limited communication
resources [1]. The basic idea of cognitive radio (CR) networks
is coexistence of the unlicensed (secondary) users along with
the licensed (primary) users in the same frequency band. The
primary users have exclusive access to the designated spectral
band while the secondary users only utilize the unused portion
of the spectrum. In commonly used CR networks, primary users
are expected to be oblivious to the presence of secondary termi-
nals, thus behaving as if they had exclusive access to the spec-
trum. In this commons model [2], [3] the secondary users sense
the spectrum fo search the spectral holes and utilize this spec-
trum holes for transmission of their own data, Alternatively, a
property-rights or spectrum leasing model has been proposed in
[2], [3] where the primary users lease a part of the spectrum
resources to the secondary users in exchange of appropriate re-
muneration.

The remuneration to lease the spectrum may be financial or in
terms of improved quality of service (QoS) of the primary users.
Note that even though licensed users have the right to lease or
share the spectrum for profit, such sharing is not mandated by
the regulation policy [4]. Therefore, leasing spectrum for bet-
ter QoS may be a suitable option for the licensees. The well
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known QoS of a system that operates on a fixed transmission
rate is the outage probability. In multipath fading environments,
the outage probability of a system can be improved by exploit-
ing diversity. The coexisting secondary users that are seeking
some communication resource from a primary network can of-
fer transmit-diversity to the primary users in the form of coop-
erative diversity.

1t is well known that cooperative diversity protocols can pro-
vide the powerful benefits of spatial diversity and improve the
channel capacity under Rayleigh fading environment [5]. The
cooperative strategies with parallel relays and the effectiveness
of such parallel relay network have been investigation in {6].
In conventional cooperative transmission protocols, relay nodes
are devoted to improve the performance of a source node. In
this proposal, the CR users are considered as relay nodes and
along with improving the performance of primary users, CR
users also find their own transmission opportunity. Hence, the
primary nodes lease a fraction of its communication resource
in exchange of enhanced quality of service (outage probability).
The secondary users can improve the channel capacity through
user cooperation and then utilize a portion of the improved ca-
pacity for transmitting their own data. The primary users are
also benefited by the cooperation because of the diversity gain
achieved and the primary users also operate with a lower outage
probability.

In [7], a cognitive relaying approach has been presented to in-
crease the transmission opportunities of the secondary nodes. In
[8] a distributed cooperation based spectrum leasing scheme has
been proposed. In this proposal a group of secondary nodes co-
operate with primary nodes using distributed space time code
(DSTC). The focus of [8] is to maximize the primary rate
while leasing the spectrum to the secondary. In the DSTC based
scheme of [8], a set of relay nodes cooperate with the primary.
In such scenario, the system needs to solve an optimization
problem over the subsets of secondary relays, total transmission
power and time. A game theoretic approach to find a suboptimal
solution of the problem is proposed in {8].

In this paper, we investigate the spectrum leasing model of
CR networks where the secondary users are used as relay for
the primary users. We consider that the primary network is op-
erating on a fixed target rate, Hence, the focus of this proposal
is to minimize the outage probability of the primary network by
the cooperating secondary users while leasing the spectrum. At
the same time, we propose a spectrum sharing policy that maxi-
mizes the outage capacity of the secondary users. Unlike [8], in
the proposed scheme, a single secondary user (relay) selection
is utilized for cognitive cooperation. It has been shown in {9]
that, a single relay selection significantly reduces the bandwidth
penalty of orthogonal transmissions and synchronization diffi-
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culties of DSTC [10]. Moreover, the relay selection schemes,
where a single relay is selected to cooperate on information
transmission, can efficiently use the transmit power which leads
to an outage optimality of the protocols [9], [11]. Subsequently,
we adopt a single secondary user relay selection and propose an
opportunistic relaying based spectrum leasing scheme for cogni-
tive radio network. The DSTC scheme, used in [8], also requires
a strict symbol level synchronization which is very difficult to
obtain among the distributed nodes. In our work, we consider
cooperative transmission via single relay selection, hence there
is no need of symbol level synchronization among the nodes for
simultaneous transmission.

In the proposed scheme, the primary and secondary users
share the communication resource in time. The primary trans-
mits with a fixed rate and the secondary tries to find a positive
time for its own transmission. We present an information theo-
retic analysis to evaluate the outage probability of primary users
and the probability of achieving a positive time for secondary
data transmission. Our analysis and simulation show that these
probabilities improve as the number of cooperating secondary
nodes increases. We also show that the achievable secondary
user’s transmission time is a function of several network param-
eters for example, signal-to-noise-ratio (SNR), the number of
secondary relays, primary target rate, channel parameters, etc.

This paper is organized as follows. In Section II, we describe
the system and channel models. Section III gives the descrip-
tion and Section IV presents the performance analysis of the
proposed protocol. Simulation results and discussions are given
in Section V, and finally we conclude this paper in Section V1.

11. SYSTEM MODEL

We consider an ad-hoc cognitive radio network which is co-
located with a primary network as shown in Fig. 1. The pri-
mary network is aware of the secondary network and ready to
lease a portion of its communication resource. As a remuner-
ation of the spectrum leasing, the primary network will oper-
ate with improved outage probability without sacrificing other
QoSs. The secondary network is ready to assist the primary net-
work, whenever possible, to achieve cooperative diversity. And
the secondary network opportunistically utilizes the redundant
communication resource for its own transmission. Without los-
ing generality, we consider a single pair of primary transmitter
(Prx) and receiver (Prx) and a group of M secondary nodes
(Sm) are available within their common transmission range;
here, m € {1,2,---, M}. Assume that the secondary network
has a centralized control unit (CCU) to control the network op-
erations. To select the best secondary node that maximizes the
secondary transmission time, we consider a MAC layer signal-
ing based distributed relay selection scheme proposed in [9].

Consider that the channels between any two nodes (primary
or secondary) are subjected to flat Rayleigh fading plus addi-
tive white Gaussian noise (AWGN). Each node has a single half
duplex radio and a single antenna. The baseband equivalent re-
ceived signal at node j due to the transmission of node 7 for
symbol n is given by

Ti,j (TL) = hi,js(n) + n; (n) (1)
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Fig. 1. A single hop model of the proposed system.

where 7;(n) are the AWGN samples with variance Np/2 per
dimension at terminal j, h; ; is the fading coefficient between
node 7 and j, and s(n) is the signal transmitted by node ¢ with
normalized unit transmit power. We consider flat Rayleigh fad-
ing, hence, h; ; is modeled as independent samples of zero mean
complex Gaussian random variable with variance az .

The fading coefficients are assumed to be constant over the
channel coherent time. Because of slow fading, channel esti-
mation is possible at the receivers. Assume that perfect channel
state information are available at both the primary and secondary
receivers but not at the transmitters. Due to the perfect CSI at
the receivers coherent detection is possible. We also assume that
the secondary nodes are capable to measure partial CSI, in the
form of channel state amplitude, from the received control sig-
nals, for example ready-to-transmit (RTS) and clear-to-transmit
(CTS). Therefore, the length of the RTS and CTS signals should
be long enough to measure the instantaneous channel state am-
plitude.

III. PROTOCOL DESCRIPTION
A. Selection of the Best Secondary Node

We propose a similar approach of opportunistic relaying [9]
to select the best secondary node from M available secondary
nodes. In opportunistic relaying, the best cognitive relay is se-
lected based on the equivalent instantaneous channel state infor-
mation (CSI) of the links. For the best secondary selection, we
use the mutual information of each cooperative link instead of
instantaneous CSI of the links. The mutual information of the
links Prx-to-Prx, Prx-to-Sy, and S,,-to-Prx are given by

TPrx,Prx = 10g2 (1 + ’YPTX,PRX) (2)
1

TPrx,Sm = 5 10g2 (1 + ’YPTX,Sm) 3)
1

TS Prx = 51082 (14 V5, Pax) 4)

where the scaling factor 1/2 in egs. (3) and (4) is due to the half-
duplex operation of the relay nodes. The instantaneous received
signal to noise ratio (SNR) at node j due to the transmission of
node i can be given as

P,
Vi,j = No |hi,j|2 5
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where F; is the transmit power of terminal . For Rayleigh fad-
ing, v;,; is exponential random variable with hazard rate 1/T'; ;.
Here, I';; = (P;/No) agj represents the average SNR of the
corresponding link.

Similar to opportunistic relaying protocol, primary transmit-
ter and receiver transmit the link layer signals such as, RTS
and CTS to access the channel. All the secondary nodes receive
these RTS and CTS packets. Using these two control packets
all available secondary relays, Sy, form € {1,2,---, M}, in
the network, estimate the instantaneous channel state amplitude
|hpyy.s,.|° and |hs,. Prx |’ We assume that secondary nodes
can measure the channel state amplitude from the received con-
trol signals RTS and CTS.

By using (3) and (4), secondary node m can calculate
TPrx,5m and rs, p.,. The equivalent end-to-end data rate of
the two-hop cooperative link is the minimum one of the two
hops [11]. Therefore, instantaneous rate between Prx and Prx
when Sp, is used as cognitive relay can be given as

(6)

If the equivalent end-to-end data rate is greater than the primary
target rate, i.e., r, > Rp, then secondary node-m (S,,,) set its
timer with initial value

Tm = MID{"Pry 8., TS, Pax }-

Q

min{rps,,, S,,P}

)

where () is a constant and dependent on the unit of time. From
(7), it is clear that the best secondary node has reduced its timer
to zero first since it started with a smaller initial value. We
term the best secondary node as opportunistic secondary (Sp)
throughout the paper. As soon as the timer of the opportunistic
secondary reduces to zero it transmits a flag signal to inform the
other secondary nodes to back off. This protocol selects an op-
portunistic secondary node that satisfies the following condition

®

max

S0 = arg
me{1,2,, M}

(min{TPTXaSm7 V'Sm Prx }) .
The collision probability of this kind of timer based relay selec-
tion scheme i.e., the probability of there being two or more relay
timers expire within the same time interval has been discussed
in [9] and shows that this probability is very small.

B. Resource Sharing Policy

Without losing generality, we assume that the communication
resource is shared between primary and secondary network in
time domain. The primary network has its own fixed target rate
Rp bits/sec/Hz which is assumed to be known to the secondary
nodes. This means that we have 1 second to transmit R p bits/Hz.
Now the opportunistic secondary node divides this time in three
portions (A, B, and () as shown in Fig. 2. It is clear from Fig. 2
that the fraction of time (A + B) is used for the primary data
transmission and fraction of time C is used for the secondary
data transmission. By knowing R p, the opportunistic secondary
(So) can easily calculate the corresponding transmission time
A, B,and C as
®

)

A= RP/rPTXySo’

B =Rp/rs, prx,

- 1 second >
Pry to So So to Pry Sty t0 Spx
transmission transmission transmission

«—— 4 —»ia——3 —>la——— C —»

Fig. 2. Fraction of time used for primary and secondary transmission.

C=1-(A+B). (1n

The opportunistic secondary node includes the values of A,
B, and C in the best relay flag so that the primary can act
properly. If r, is-less than the primary target rate REp, for all
m € {1,2,---, M}, then a direct transmission between Prx
and Prx takes place.

The transmission of the secondary network is assumed to be
controlled by a centralized controller. Due to the broadcast na-
ture of the wireless transmission, the centralized controller can
receive the best relay flag that contains the values of A, B, and
C for current round. Assume that the medium access control of
the secondary network is handled by the centralized controller.
A pair of secondary nodes that want to exchange the information
is selected by the centralized controller for current round. The
detail of the medium access control policy is beyond the scope
of our physical layer analysis.

It is clear that the secondary transmission is fully dependent
on the transmission time C. The achievable transmission rate
between a secondary transmitter and receiver, conditioned on
C > 0, can be given as

TSrx,Srx = C'log, (1 + 'YSTX,SRX) g (12)

It has been shown in [12] that the good measure of the capacity
of a fading channel is the outage capacity. We defined the outage
probability of secondary network as the probability that C' < 0.
Now the outage capacity of the secondary network can be given
as

Rs="78:x,8nx PI[C > 0}

=T8rx.5ax (1 ~Pr[C <0]). (13)

The closed form expression of Pr[C < 0] is derived in the next
section.

C. Implementation Issues

In this work, we consider a property-rights model (or spec-
trum leasing) in which the primary license users own the spectral
resource and agree to lease part of it to secondary users in ex-
change for appropriate remuneration. To implement such spec-
trum leasing primary system requires some extra control signal
to ensure effective collaboration (for example, best relay flag).
The data rate of the primary transmitter is dependent on values
of A, B, and C that are function of the instantaneous channel
gains. To adapt the transmission rate, the primary system needs
adaptive transmitter and receiver radios. Such requirement of
adaptive transmitter and receiver radios will increase the size
and cost of the primary users. In spectrum sharing systems, the
cognitive users receive the signal from the primary and there-
fore, there is an obvious question of the privacy and security
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of the primary systems. In property-rights model primary users
are aware about the CR-users. Hence, the licensed system can
take the proper actions which are necessary to overcome these
drawbacks to get the remunerations offered by the CR systems.
Obviously, for the implementation of the proposed resource
sharing in time domain, packet/frame synchronization among
the primary and secondary nodes is required. We assume that
all the nodes (primary and secondary) are synchronized in
packet/frame level but not in symbol level. Such synchroniza-
tion can be achieved through MAC layer control signals such as
RTS, CTS, and the best relay flag. Throughout this paper, we
assume that the control signals required to measure the instan-
taneous CSI and to achieve time synchronization are the MAC
layer control signals. Therefore, a proper crosslayer design be-
tween physical layer and MAC layer is needed to minimize the
signaling overhead to implement the proposed protocol.

IV. PERFORMANCE ANALYSIS

In this section we derive the closed form expression of out-
age probability of the primary and secondary networks of the
proposed protocol. The primary network operates on a fixed
transmission rate Rp bits/sec/Hz. Hence, the outage event for
primary network can be defined as the event of the end-to-end
transmission rate between Prx and Prx is less than Rp. On
the other hand, the secondary network operates on an adaptive
transmission rate. Hence, we define the secondary network is
in outage, when the secondary transmission time C is less than
or equal to zero. The proposed system achieves a positive value
of C when the capacity (mutual information) of the cooperative
link through the S is greater than the primary target rate. Now,
the probability that C' is less than or equal to zero can be written
as

Pr(C < 0)=Prmin{rp,, s,,7s,,Pax} < Rp]

=Pr

. 1
min 5 10g2 (1 + ’YPTX,SD) ’

1
5 10g2 (1 + ’YSO,PRX) < Rp

—Pr [min{'ypTX S8, P < BRP_ 1] (14)

where

min{,yPTX 5097, ,PRX} = max

me{lo M} min{rYPTXSm7VSm,PRx}'
(15)
The random variables, vp,., s,, and vs,, ps, are exponen-
tially distributed with hazard rate 1/T'p,., g, and 1/T's . p.;
hence, min{~yp, . s,.,7s...Prx | 1S an exponential random vari-
able with hazardrate 1/Ue . = 1/Tp, 5, +1/Ds,. pPrx [13].
Finally, min{~yp,  s.,7s,,Prx } is @ random variable which is
maximum one of M exponential random variables. By consid-
ering these distributions of random variables, we can write

M

22Rp _
Pr(C <0) = H {1 —exp (‘r‘)] (16)
m=1 e

The primary user is in outage when the cooperative link through
opportunistic secondary and the direct link between the Prx
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and Prx is in outage and can be written as
P(I)DUT:PI‘[TPTX’PRX < RP]
: Pr[min{rPTX7So’ TSmPRX} < RP]
:Pr[’yPTX,PRX < 2P — 1]
'Pr[min{’YPTx,Sm'YSo,PRx} < 2°Rr — 1] 17

The second probability of (17) is same as (16) and the first
probability of (17) can be easily calculated by using the fact
that yp,. . pry is exponential random variable with hazard rate
1/FPTX,PRX > as

2fr — )
— . (18)
FPTX7PRX

Replacing (16) and (18) in (17), we can get the exact expression
of the outage probability of the primary network.

Pr[ypyx Prx < 207 —1] =1 —exp (—

V. SIMULATION RESULTS

In this section, we provide some numerical results of the out-
age probabilities that have been developed in Section IV and
verify these results with simulations. We also perform Monte
Carlo simulations to find the average value of the secondary
transmission time, C, and the achievable transmission rate of
the secondary for various network parameters. For simplicity,
we avoid optimal power allocation techniques that require CSI
at transmitters [14], and assume equal power allocation. Hence,
the primary and secondary transmit power, Pp and Pg are same,
i.e., Pp = Pg = P. The variance of fading coefficients between
primary to secondary and secondary to primary, J%TX s, and
0%, py, Are generated as uniformly distributed random values
between 1 and 2. The variance of primary transmitter to primary
receiver channel 0%, _p_  is considered as 1.

Fig. 3 shows the outage probability of primary network as a
function of SNR (P/Np) in dB with different number of sec-
ondary relays (M). This figure shows that the outage behavior
of the primary network is similar to the conventional cooperative
networks. The outage probability decreases with SNR as well
as with the number of cooperating secondary nodes. In Fig. 3,
we also verified the simulation results with the analytical outage
probability developed in Section IV. In all cases, the simulation
and numerical results are well matched with each other. Both
simulation and numerical results clearly indicate that the diver-
sity order improves as the number of secondary relays increase.
Hence, our proposal preserves all the benefits of conventional
cooperative communication for the primary network.

Fig. 4 shows the outage probability of the secondary network
(probability that the secondary transmission time, C'is less than
or equal to zero) as a function of SNR. The secondary outage
probability shows the same behavior as the outage probability
of the primary network. Fig. 4 indicates that the probability of
secondary transmission opportunity is very high at the high SNR
region. As we expected, the probability of secondary transmis-
sion opportunity improves as the number of cooperating sec-
ondary nodes increases.

In the following figures, we evaluate the average value of sec-
ondary transmission time (C) and the outage capacity of the
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secondary network using the definition of (9)~(11) and (13).
In Fig. 5, we compare the primary transmission time (4 + B)
with the secondary transmission time (C) for different values of
Rp, when C' > 0. For Rp equal to 0.5 and 1, the secondary
transmission time is greater than the primary transmission time
over the whole range of P/Ny under investigation. And for Rp
equal to 2 the secondary transmission time is greater than the
primary transmission time when P/Ny is greater than 12 dB.
For all cases, the secondary transmission time C' increases with
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Fig. 6. Average secondary outage capacity for different value of M.
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Fig. 7. Average secondary outage capacity versus primary transmission
rate.

the SNR of cooperative transmission.

Fig. 6 shows the outage capacity of the secondary network
with respect to P/Njy for different numbers of secondary nodes
that are cooperating with the primary transmitter. As expected,
the outage capacity monotonically increases with the average
signal to noise ratio. The outage capacity increases as the num-
ber of cooperating secondary nodes (M) increases. At high
value of M, this improvement is small because of the fixed value
of primary rate (Rp).

In Fig. 7, we investigate the capacity region of the collocated
primary and secondary network. Two networks operate on the
same frequency by sharing the time on the condition that the
primary network satisfies its own QoS. Fig. 7 shows that the
capacity of the secondary network Rg is highly dependent on
the primary target rate Rp. At low value of Rp the secondary
outage capacity is very high and it linearly decreases as Rp in-
creases. Hence, our proposal offers a good tradeoff between Rp
and Rg. Moreover, the area of the capacity region increases as
the number of cooperating secondary nodes M increases.

V1. CONCLUSION

In this paper, we investigate the spectrum leasing for cogni-
tive radio networks when the secondary users act as a relay for
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the primary users. Most of the recent research on cognitive radio
focused the Commons model where the secondary users search
for a spectrum hole for data transmission. But, the alternative
spectrum leasing model has not been investigated in depth. We
show that the cooperation based spectrum leasing can provide a
significant amount of communication resource for the secondary
users without sacrificing the performance of the primary users.
As a remuneration of the spectrum the secondary users assist the
primary network to achieve cooperative diversity which leads to
an improvement in the outage probability of the primary net-
work. The approach presented in this work can be viewed as a
cross layer approach between physical layer and data link layer.
We only presented the physical layer analysis in this paper and
the link layer analysis would be a good topic for future research.
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