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A Method to Avoid Mutual Interference in a Cooperative
Spectrum Sharing System

Truc Thanh Tran and Hyung Yun Kong

Abstract: This article proposes a spectrum sharing method which
can avoid the mutual interference in both primary and secondary
systems. The two systems make them a priority to use two single-
dimension orthogonal signals, the real and imaginary pulse ampli-
tude modulation signals, if the primary system is not in outage with
this use. A secondary transmitter is selected to be the primary relay
and the active secondary source to perform this. This allows a si-
multaneous spectrum access without any mutual interference. Oth-
erwise, the primary system attempts to use a full two-dimensional
signal, the quadrature amplitude modulation signal. If there is no
outage with respect to this use, the secondary spectrum access is not
allowed. When both of the previous attempts fail, the secondary
system is allowed to freely use the spectrum two whole time slots.
The analysis and simulation are provided to analyze the outage per-
formance and they validate the considerable improvement of the
proposed method as compared to the conventional one.

Index Terms: Cognitive radio, cooperative spectrum sharing (CSS),
decode and forward, underlay spectrum sharing.

I. INTRODUCTION

Nowadays, the scarcity of wireless radio resources along with
a dramatic increase in the demands on wireless networks to sup-
port high data transmission rate has led to the investigation of
many novel types of network, such as TV white-space cognitive
radio network and heterogeneous wireless mobile network. In
exploiting TV white space, secondary users have to carefully
sense the TV spectrum to avoid the secondary spectrum ac-
cess during the active period of the primary system. Meanwhile,
a heterogeneous wireless mobile network (Hetnet) attemptsto
improve data throughput by locating multiple small-size cells,
femto-cells or pico-cells, along with large-size cell (macro-cell).
Because these small-size cells are randomly deployed, interfer-
ence management, cancellation and coordination becomes very
important issues. Therefore, the research on underlay dynamic
spectrum sharing has been received a great deal of attentionre-
cently. This is reflected in a currently increasing amount oflit-
erature devoted to cooperative spectrum sharing (CSS) [1]–[11].
Application of cooperation into the spectrum sharing is capable
to extend the primary interference constraint as well as to miti-
gate the interference contributed from the secondary source.

Cooperation can be typically applied in the co-existence sys-
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tem where secondary nodes are also used as the primary relay
and the secondary source [2], [4], [7]–[11]; or perhaps justap-
plied in the scope of the secondary system under a certain power
constraint [1], [3], [6].

In the first CCS type, the maximum power for a secondary
spectrum access without causing any degradation in primary
system is extended, as a result of the cooperation with secondary
users (SU). A simple system model, which consists of two pairs
of the primary and secondary transceivers simultaneously im-
plementing their spectrum access, were proposed by Yanget al.
in [2] and [7], respectively to the use of the amplifying-and-
forward (AF) and decode-and-forward (DF) protocols. In these
works, the primary relay and secondary source was a common
secondary node; it forwards a composite signal that was com-
bined from the primary and secondary signals. Works by Yang
et al. in [9]–[11] investigated the system models with multiple
secondary transmitters. All of these were familiar with theap-
plication of the DF protocol. In [10], the spatial diversityin the
forwarding channel was not available because the primary relay,
also as the secondary source, was selected from the one closest
to the primary transmitter. In [9], [11], the primary relay and the
secondary source are different the SUs, allowing the exploitation
of the spatial diversity in both systems. In general, the main dis-
advantage in all of these works is that the transmissions in both
systems cause the mutual interferences. As a result, this always
contributes a further considerable degradation in the secondary
performance which is already limited by a certain interference
constraints level for protecting the primary system. Several stud-
ies, e.g., the ones by Liet al. and Wei Danget al., attempt to
avoid the use of the interference constraint for finding an perfor-
mance improvement [4], [5], Liet al. proposed a model where
primary system asynchronously shares its spectrum with the
secondary system via a credit-based spectrum-allocation mech-
anism [4]. The secondary nodes are given an entire time slot
for transmission after a sufficient number of successful primary
transmissions with respect to their cooperation. However,the
secondary average transmission rate is low because the number
of timeslots allocated for the secondary system is limited.In a
multi-carrier system, interference coordination can be used as a
method to avoid mutual interference, as proposed by Wei Dang
et al. [5]. This work minimized the number of subcarriers used
for the primary system and reserved all of the remaining subcar-
riers for the secondary spectrum access. Therefore, the primary
and secondary systems did not interfere with each other in shar-
ing time.

There have been a numerous investigations on the second CSS
type in which the cooperation is only available in secondarysys-
tems. As a result, this allowed the secondary system to reduce
its interference with the primary user [1], [3], [6]. However, the
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main disadvantage in this scheme is that the secondary system
must be under an interference constraint which is imposed by
the primary system.

To our knowledge, the simultaneous spectrum access in both
system in most of these related works, with the exception of
[4], [5], requires an interference constraint to prevent the per-
formance of the primary system from being degraded. This is
the very considerable limitation that motivated us to studya
CSS scheme, which can dually provide the spectrum access for
both systems without requiring any primary interference con-
straint. The main contribution of our work in this article isthat
within the same single subcarrier, both of the primary and sec-
ondary systems can simultaneously access the spectrum without
any mutual interference, allowing an infinite power allocation
for the secondary access without degrading the primary oper-
ating performance. For the same purpose of avoiding the mu-
tual interference, work by Liet al. did not allow a simultane-
ous transmissions [4], while work by Wei Danget al. required a
multi-carrier system [5]. In this paper, several techniques, e.g.,
handshake protocol, relay selection and so forth, of the previ-
ous works presented in [9], [11] are reused with our proposed
method. Here, we attempt to improve the outage performance of
the secondary system, while maintaining the same primary out-
age performance as the previous scheme, the one which was al-
ready presented in [11]. The primary transmission in this article
is on the basis of the two-phase-based transmission. In our pro-
posed protocol, candidate nodes for a primary relay are alsoas
the secondary transmitters; the one which is selected to be active
will act as both the active primary relay and the active secondary
source at the same time in the forwarding phase. These candi-
dates are those which are successful in decoding the primary
signal in the broadcasting phase (or the first phase). They make
them a priority to employ a real pulse amplitude modulation
(PAM) signal for the forwarding the primary message. If there
is no outage with respect to this use, the secondary system isal-
lowed to simultaneously access the spectrum along with the use
of an imaginary PAM signal for the secondary message. With
respect to failures in the first attempt using PAM, these candi-
dates attempt to use quadrature amplitude modulation (QAM)
signal, which is a complex signal, for forwarding the primary
message. If there is no outage in the primary system, the sec-
ondary system access is not allowed. Otherwise, the secondary
system uses the entire two timeslots with an application of QAM
for the secondary message.

This article is divided into several sections. The next section
is system model, which describes the system configuration. The
proposed CSS (PCSS) method: Spectrum sharing using PAM
signals section describes and analyzes the outage performance
of our proposed method. The conventional CSS scheme section
is provided to briefly present several important results obtained
by Yang in [11]. The simulation results and discussion section
discusses the results of our work. Finally, our work is concluded
in the conclusion section.

II. SYSTEM MODEL

In our system model, as depicted in Fig. 1, there are a pair
of primary transmitterPT and receiverPR, multiple secondary
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Fig. 1. System model.

transmittersSTi, i = 1, · · ·,M and a common receiverSR.
The secondary configuration is similar to an uplink communi-
cation in an infrastructure-based wireless network with the base
stationSR. Channel state informations (CSIs) are denoted as
h0, h1i, h2i, h3i, andh4, respectively to the linksPT− PR,
PT − STi, STi − PR, STi − SR, andPT− SR. Distances
of these links are accordingly also denoted asd0, d1i, d2i, d3i,
andd4. In this article, the fading types of all channels between
nodes are assumed to be slow flat Rayleigh fading. Locations
of STi are assumed to be close to each other, allowing to us
concluded1 = d1i, d2 = d2i, andd3 = d3i for 1 ≤ i ≤ M .
Note that this assumption is purely for mathematical calculation
and does not restrict the application of the proposed methodin
a general multiple relay scheme. Noise at each node is assumed
as a zero mean complex Gaussian random variable with variance
σ2. We further assumePR to be a robust base station, support-
ing both PAM and QAM modulations. We assume that channels
are perfectly estimated at the receiver by estimating the pilot
signal contained in the control messages. All channels tolerate
path loss with the same exponentv. We can express distribu-
tions of CSIs as followsh0 ∼ CN (0,Ω0), h1i ∼ CN (0,Ω1),
h2i ∼ CN (0,Ω2), h3i ∼ CN (0,Ω3), andh4 ∼ CN (0,Ω4),
whereΩ0 = d−v

0 , Ω1 = d−v
1 , Ω2 = d−v

2 , Ω3 = d−v
3 and

Ω4 = d−v
4 . The real PAM alphabet set is defined bySPAM

∆
={

s
∣∣s ∈ R, E {s} = 0,E{

s2
}
= 1

}
. The QAM alphabet set is

SQAM
∆
=

{
s
∣∣∣s ∈ C, E {s} = 0,E{

|s|2
}
= 1

}
. We denote

Rpt andRst as the primary and secondary transmission target
rates, respectively. In this article, the primary system would like
to employ the cooperation from the secondary transmitters to re-
duce its power in an wireless environment with a high path-loss
exponent. Therefore, in this article, the transmitting power of the
primary source is low and the path-loss exponent is sufficiently
high.1

III. PCSS METHOD: SPECTRUM SHARING USING
PAM SIGNALS

In section I, we address that most of the current CSS schemes
are with the interference constraints. As a result, this consider-

1In essence, in the simulation, we setPp at a low value,Pp/σ2
= 2 dB,

whereσ2
= 1, and the path-loss exponent isv = 4.
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ably degrades the secondary operating performance becausethe
secondary transmitting power is restricted by the interference
constraint. In addition, in these schemes, the primary transmis-
sion always interferes with the secondary receiver, thus further
considerably degrading the secondary signal. Therefore, in this
section, we suggest a spectrum sharing scheme which allows
both systems, the primary and secondary systems, to simultane-
ously access the spectrum without interfering with each other.

In this scheme, we propose that a primary relay is also as a
secondary source, using the PAM signals for the simultaneous
spectrum access. Its transmitting complex signal containstwo
PAM signals, the one which is the real PAM signal presenting
the primary message, and the one which is the imaginary PAM
signal presenting the secondary message. These allow PR and
SR to decode their desire signals without any interference.As a
result, the use of the interference constraint is also avoided.

As same as the previous studies by Yanget al., the setting-
up time is prior to the information transmission time and it
is for exchanging the necessary control messages, for estimat-
ing the CSIs and so forth. With full knowledge of CSIs, the
transmitting power and etc., the co-existing system can cal-
culate the necessary achievable rates in the setting-up period
rather than in the information transmission time. As a result, it
can determine the transmitting modes for the information trans-
mission time, which consist of: Simultaneous-spectrum-access
(SSA), primary-spectrum-access only (PSAO), and secondary-
spectrum-access-only (SSAO) modes. The next subsection de-
scribes the transmission of the primary source in the first phase,
when the primary system decides to use its spectrum (in SSA
or PSAO modes). The mode selection is then described in the
other next subsections.

A. Transmission from the Primary Source if it is allowed to
Transmit

In this subsection, we describe the transmission in the first
tranmission phase, when the primary system is determined to
use its spectrum. In essence, the primary system uses its spec-
trum in the PSAO or SSA modes. We notateJ as the binary
primary message thatPT wants to dispatch toPR. In the broad-
casting phase,PT employs a QAM signalxp,1, xp,1 ∈ SQAM,
presenting messageJ . The received signals at nodes with re-
spect to broadcastingxp,1 are as follows

yi1 =
√
Pph1ixp,1 + ni1, (1)

y01 =
√
Pph0xp,1 + n01, (2)

y(M+1)1 =
√
Pph4xp,1 + n(M+1)1 (3)

whereyi1, y01, andy(M+1)1 are the received signals atSTi,
PR, andSR in the first phase, respectively.Pp is the transmit-
ting power of the primary transmitter. In this article,Pp is low;
thus, the primary source decides to employ the cooperation from
the secondary transmitters to obtain the higher performance as
a result of the higher degree of the exploitation of the spatial
diversity. The noise at nodei, in jth phase,j = {1, 2}, are de-
noted asnij , where1 ≤ i ≤ M presents the noise atSTi, i = 0
presents the noise atPR andi = M+1 presents the noise atSR.
The signal to noise ratios (SNRs) in the first transmission phase
areΓi1 = Ppγ1i/σ

2 for STi, 1 ≤ i ≤ M , Γ01=Ppγ0/σ
2 for

PR, andΓ(M+1)1=Ppγ4/σ
2 for SR. For the sake of simplicity

in presenting, we denoteγ1i, γ0, γ4, γ2i, andγ3i as the instan-
taneous channel gains of the channels, defined asγ1i = |h1i|

2,
γ0 = |h0|

2, γ4 = |h4|
2, γ2i = |h2i|

2, andγ3i = |h3i|
2. The

achievable rate at nodei, 1 ≤ i ≤ M + 1, is denoted asRi1,
and it is expressed as follows:Ri1 = 1/2 log2 (1 + Γi1). The
pre-log factor is1/2 because the transmission is with the com-
plex QAM signal and the transmission duration is only in the
first time slot.

B. Setting-Up Process: Mode and Relay Selection

Before implementing transmission in the transmission time,
all nodes in the coexistence system join into a setting-up pro-
cess in which control messages are transferred, allowing nodes
to know CSIs, transmission power, types of the transmittingsig-
nals, and to select the primary relay and secondary source. The
operating mode for the information transmission time is also se-
lected in this process. In this article, we are based on the hand-
shake protocol proposed by Yang in [11], but with much modifi-
cations. For the sake of clarity, we reintroduce several necessary
parts which are aforementioned in [11].

The selection of the primary relay, the one which is also as
a secondary source as well, takes place in an interval known
as the primary relay selection window 1 (PRSW1). The success
of the relay selection in this interval then determines the SSA
mode for the information transmission time. If the selection in
PRSW1 is failed, a primary relay is selected in the second round
which is known as the primary cooperation selection window
2 (PRSW2). However, the primary relay selected in this round
does not act as the secondary transmitter. Therefore, if therelay
selection is successful in PRSW2, the operating mode is deter-
mined as the PSAO mode. In PRSW1, the secondary transmit-
ters STi make them a priority to select a primary relay with
respect to the use of the real PAM signal for the primary sig-
nal. If the selection in PRSW1 is failed, PRSW2 round is re-
quired, attempting to use a QAM signal for the primary sig-
nal. Another interval for the secondary source selection, which
is known as secondary source selection window (SSSW), is
required when the primary relay selections are failed in both
PRSW1 and PRSW2. When SSSW occurs, the system attempts
to determine the SSAO mode for the transmission time. We as-
sume that PRSW1, PRSW2, and SSSW have the same duration
∆t.

To start the setting-up process att = t0, PT transmits a pri-
mary cooperation request message (PCRM) to acquire cooper-
ation. This message also contains a pilot signal, allowingSTi,
PR, SR to estimate the CSIsh1i, h0, andh4, respectively. In
overhearing PRCM,PR responses a primary cooperation ac-
knowledge message (PCAM). This response message also con-
tains a pilot message, allowingSTi to estimateh2i. Overhear-
ing PCAM,SR transmits a secondary cooperation acknowledge
message (SCAM) which also has a pilot signal to allowSTi to
estimateh3i. The PRSW1 is started when the system receives
the SCAM.

B.1 The Primary Relay and SSA Mode Selections in PRSW1

The use of the SSA mode for the transmission time is deter-
mined by the selection in this interval. The SSA mode is op-
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erated on the basis of the two-phase-based transmission.A is
denoted as a group of the secondary transmitters which can be
successful in decoding the primary signal in the first phase;it
is mathematically defined byA = {i |1 ≤ i ≤ M,Ri1 > Rpt }.
It should be noted that the transmission time has not startedbut
each node,STi, can know about its success or failure in decod-
ing the primary signal if it has the knowledge of CSIs, transmit-
ted power. In this selection window, each secondary transmit-
ter, STi, calculates its achievable rates, those which are corre-
sponding to the use of the real and imaginary PAM signals for
the primary and secondary messages, respectively. In PRSW1,
the group of candidates for the active primary relay (which is
also as the active secondary source) is formed based on the
users inA. Those, whose forwarding transmissions with re-
spect to the use of the PAM signal satisfy the primary target rate
Rpt and the secondary transmission target rateRst, composes
the candidate groupB1, which is mathematically expressed by

B1 =
{
i
∣∣∣i ∈ A, Ṙ02,i > Rpt, Ṙ(M+1)2,i > Rst

}
. Here,Ṙ02,i

is the achievable rate of the transmission fromSTi to PR, with
respect to the use of the real PAM signal for presenting the pri-
mary message.̇R(M+1)2,i is the achievable rate of the transmis-
sion fromSTi to SR, with respect to the use of the imaginary
PAM signal for presenting the secondary message ofSTi. The
relay selection and the expressions ofṘ02,i andṘ(M+1)2,i are
described in the remaining of this subsection III-B.1.

Let us describe the operation of the SSA mode in the second
phase, whenSTi is assumed to be the active primary relay and
secondary source. We denotexp,2, xp,2 ∈ SPAM, as the primary
signal presenting a primary information messageJ (which is
also presented in the form of a complex QAM signal,xp,1). We
also notatexs,2, xs,2 ∈ SPAM, as the PAM signal represent-
ing a secondary binary message of nodeSTi. STi will locate
xp,2, with thePs power, in the real dimension to create the real
PAM signal for the primary information message, and locate
xs,2, with thePr power, in the imaginary dimension to create
the imaginary PAM signal for the secondary information mes-
sage. The received signal atPR with respect to transmission of
STi is as below

(4)y02,i =
√
Psh2ixp,2 + i√Prh2ixs,2 + n02 .i is denoted as a pure imaginary unit value. Because the trans-

mitting information is contained in the real dimension,PR re-
trieves this information as follows

(5)ẏ02,i = Re {e∗2iy02,i}

=
√
Psγ2ixp,2 + ṅ02

whereṅ02 = Re {e∗2in02} ande2i = h2i/|h2i|, e∗2i is conjugate
value ofe2i. Re {x} is the function to get the real component
of x. In this case, the achievable rate in accordance with the
full CSI knowledge isṘ02,i = 1/4 log2

(
1 + 2Psγ2i/σ

2
)
. The

factor1/4 appears inṘ02,i because the transmission is based on
two phases and the use of the single-dimensional signal, thereal
PAM alphabet set. The received signal atSR is

(6)y(M+1)2,i =
√
Psh3ixp,2 + i√Prh3ixs,2 + n(M+1)2 .

Because the transmitting information is contained in the
imaginary dimension,SR retrieves this information as follows

(7)
ẏ(M+1)2,i = Im

{
e∗3iy(M+1)2,i

}

=
√
Prγ3ixs,2 + n̈(M+1)2

wheren̈02 = Im
{
e∗3in(M+1)2

}
, e3i = h3i/|h3i|, ande∗3i is

the conjugate value ofe3i. Im {x} is the function to get the
imaginary component ofx. The achievable rate of the secondary
transmission isṘ(M+1)2,i = 1/4 log2

(
1 + 2Prγ3i/σ

2
)
.

We then generalize the node that is as both the active primary
relay and the active secondary source to asSTa.It is selected as
follows

(8)a = argmaxi∈B1
{γ3i} .

To implement the above selection, each node inB1 counts down
its timer with an initial valuet1i = σ2ρ̂st∆t/2Prγ3i, where
ρ̂st = 24Rst − 1. The first timer reaching the zero value deter-
mines the primary relaySTa within∆t, which in turn launches a
cooperation and sharing confirmation message (CSCM) to stop
the selection process. This message is the indication to allnodes
that the operating mode is the SSA mode. We have the fact that if
Ṙ(M+1),i > Rst, the value oft1i is always less than∆t. There-
fore, the selected node,STa, is always selected from nodes in
B1. In other words, the selection based on these timers means
that within the amount of time∆t, if there is no timer to expire,
there is an outage in the secondary system with respect to theuse
of the imaginary PAM signal. Thus, by waiting for the PRSW1
to expire without the CSCM, the system knows that the SSA
mode is not available. Here, CSCM contains information about
types of signals used in both systems, those which indicate the
use of the PAM signals. This control message also contains a
pilot signal, allowingPR andSR to estimate the channelsh2a

andh3a.
Overhearing CSCM and waiting for the PRSW1 period to ex-

pire, the whole system waits for an additional amount of time
2∆t before starting the first transmission phase. This results in
a total amount of time consumed for the setting-up is3∆t. In the
case that PRSW1 ends without CSCM (the first round for select-
ing the primary relay, also as the secondary source, with respect
to using PAM signal has failed), the SSA mode is not available
and PRSW2 starts the second round to select the primary relay
which then operates in the PSAO mode.

B.2 Primary Relay and PSAO Mode Selection in PRSW2

PRSW2 starts right after PRSW1 ends without CSCM. This
interval is familiar with the determination to select the PSAO
mode for the information transmission time. The PSAO is also
on the basis of the two-phase-based transmission. The transmis-
sion in the first phase of the PSAO mode is as same as that pre-
sented in the subsection III-A. If the secondary transmitter STi

is selected to be the relay in the PSAO mode, transmission in the
forwarding phase is as follows

(9)y02,i =
√
Psh2ixp,1 + n02

wherey02,i is the received signal at the PR, with respect to
the transmission fromSTi. n02 is the white noise of the pri-
mary receiver. Here, the primary transmission signal is thecom-
plex QAM signal and the spectrum sharing is not allowed in
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the PSAO mode. The achievable rate of this transmission is de-
noted asR02,i, R02,i = 1/2 log2 (1 + Γ02,i), whereΓ02,i =
Psγ2i/σ

2. It should be noted that the pre-log factor here is1/2
because the transmission signal is the complex signal and the
transmission duration is within the second time slot.

Nodes in groupA form a candidate group,B2, for this
second round of the primary relay selection, whereB2 =
{i |i ∈ A, R02,i > Rpt }. The active primary relaySTp is se-
lected as follows

(10)p = argmaxi∈B2
{γ2i} .

This selection rule is implemented by that the timer of ev-
ery nodeSTi in the groupB2 counts down its value which
is initially set at t2i = σ2ρpt∆t/Psγ2i. The termρpt is de-
fined by ρpt = 22Rpt − 1, which gives the meaning that
Pr {R02,i > Rpt} = Pr

{
Psγ2i/σ

2 > ρpt
}

. Therefore, ifSTi

is belonged to the subsetB2, its timer’s initial value is always
less than∆t. The first timer of the nodes in groupB2, the one
that first reaches to the zero value within the duration∆t of
the PRSW2, determines theSTp. This decision rule thus always
obliges the selection rule (10). If the selection is successful, STp

generates a primary cooperation confirmation message (PCCM)
to stop the selection process. Here, the PCCM contains certain
setting bits that indicate the use of the QAM signal for the pri-
mary information message in the forwarding phase. It also con-
tains a pilot signal to allow the remaining nodes to estimateits
CSIs.

For the case that PRSW2 ends with a PCCM, the spectrum
access of the secondary system is not allowed and the oper-
ating mode is determined as the PSAO mode. The first trans-
mission phase of this mode is started after waiting more an
amount of time∆t, making total amount of time consumed for
the setting-up being3∆t. Likewise, the ending of PRSW2 with-
out PCCM indicates the failures in the primary relay selection in
both PRSW1 and PRSW2. The co-existing system then knows
that the PSAO mode is not valid. This indication also stimu-
lates a SSSW for selecting a secondary source to fully access
the spectrum in whole of two time slots.

B.3 Secondary Source and the SSAO Mode Selections in SSSW

Right after PRSW2 ends without any the PCCM,STi starts
another secondary source selection in the SSSW. Because the
primary system is already in outage, the primary transmitter PT
does not transmit its signal, allowing all secondary transmitters
to freely use the spectrum in the SSAO mode. The transmission
of this mode is on the basis of the single-phase-based transmis-
sion. The entire transmission time (which is divided into two
time slots in the SSA and PSAO modes) is now for a direct trans-
mission fromSTi to SR, if the nodeSTi is selected to be the
active secondary source. It should be noted that in this case,
the secondary source uses the QAM signal to present the sec-
ondary message because it provides more achievable rate than
that with respect to the use of the PAM signal. The achiev-
able rate of a transmission from aSTi to SR in this case is
R(M+1),i = log2

(
1 + Prγ3i/σ

2
)

(the pre-log factor is1 be-
cause the entire transmission time is for a direct transmission
and the transmitting signal is a complex signal). Generally, we
denote the active secondary transmitter asSTb. The selection

for STb is based on the following rule

(11)b = argmaxi∈C {γ3i}

whereC is defined byC = {i |1 ≤ i ≤ M }. The initial value
of the timer ofSTi is at t3i = σ2ρ̃st∆t/Prγ3i. The first timer
to expire determines the active secondary transmitter. Theterm
ρ̃st is defined byρ̃st = 2Rst − 1, which gives the meaning
thatPr

{
R(M+1),i > Rst

}
= Pr

{
Prγ3i/σ

2 > ρ̃st
}

. This ini-
tial value at everySTi’s timer allows the selected node,STb, to
satisfy thatR(M+1),b > Rst, if it is selected within the dura-
tion ∆t of the SSSW. Meanwhile, if the time that the first timer
reaches the zero value is out of the duration∆t of the SSSW,
it is always thatR(M+1),b < Rst, meaning that the secondary
spectrum access is always in outage in the SSAO mode. There-
fore, if STb is selected within the duration∆t of the SSSW,
it transmits a secondary access confirmation message (SACM)
to stop the selection process. This control message contains a
pilot signal, allowingSR to estimate the CSIh3b, and it indi-
cates that the SSAO mode is valid. The secondary system then
waits for the expiration of the SSSW to start the transmission
time, making total amount of time for the setting-up being also
3∆t in this case. Otherwise, the selection forSTb is not fin-
ished within the SSSW. All nodesSTi automatically force to
stop the selection process when the SSSW expires, because the
selected secondarySTb at the time which is out side of the
SSSW always provides an outage in the secondary spectrum ac-
cess in the SSAO mode. The system is then force to be silent to
save the energy in the transmission time. It is explicit thatthe
secondary transmission in the SSAO mode is in outage when
maxi∈C

{
R(M+1),i

}
< Rst.

C. Achievable Rates

C.1 Achievable Rates in the SSA Mode, with respect to the
STa-Selection in PRSW1

Let us consider the transmission in the SSA mode which is
indicated by the transmission of the CSCM. Transmissions in
the SSA mode consist of two phases. Transmission in the first
phase is as presented in the previous subsection III-A. In second
phase, the selected secondary user employs the real and imagi-
nary PAM signals to present the primary and second messages,
respectively. The received signals at PR and SR the second phase
are as follows

y02 =
√
Psh2axp,2 + i√Prh2axs,2 + n02, (12)

y(M+1)2 = i√Prh3axs,2 +
√
Psh3axp,2 + n(M+1)2.(13)

PR retrieves the received PAM signal according to

(14)ẏ02 = Re {e∗2ay02}

=
√
Psγ2axp,2 + ṅ02

wheree∗2a = h∗
2a/|h2a| and ṅ02 = Re {e∗2an02}. It is clear

that, in (14), the secondary interference is completely re-
moved, allowing an unlimited secondary signal power allo-
cation. The SNR of the primary signal with respect to this
case is Γ̇02=2Psγ2a/σ

2. The respective achievable rate is
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Ṙ02=1/4 log2

(
1+Γ̇02

)
, where the pre-log factor of1/4 is be-

cause the transmission occurs within the second time slot and
the signal is a single-dimensional signal.

The retrieved PAM signal atSR is according to as follows

(15)
ẏ(M+1)2 = Im

{
e∗3ay(M+1)2

}

=
√
Prγ3axs,2 + n̈(M+1)2

wheree∗3a = h∗
3a/|h3a| and n̈(M+1)2 = Im

{
e∗3a · n(M+1)2

}
.

The SNR is thuṡΓ(M+1)2 = 2Prγ3a/σ
2. The achievable rate

of secondary transmission in this case is denoted asṘ(M+1)2,

whereṘ(M+1)2 = 1/4 log2

(
1 + Γ̇(M+1)2

)
.

C.2 Achievable Rates in the PSAO Mode, with respect to the
STp-Selection in PRSW2

When the selection for the relaySTp is successful in PRSW2,
PSAO mode is active. This mode is also on the basis of the two-
phase-based transmission. The transmission in the first phase
was presented in the subsection III-A. In the second phase,STp

uses the QAM signal,xp,1, for the forwarding primary message.
The secondary spectrum access is prohibited in this mode.PR
is the received the signal as follows

(16)y02 =
√
Psh2pxp,1 + n02 .

The respective SNR is given asΓ02=Psγ2p/σ
2, and the achiev-

able rate of this transmission atPR is denoted asR02, where
R02 = 1/2 log2 (1 + Γ02). If STi is selected to be the active
relaySTp, the achievable rate atPR with respect to its trans-
mission is the same asR02,i, which is previously presented.

C.3 Achievable Rates in the PSAO Mode, with respect theSTb-
Selection in SSSW

Failure in selectingSTp indicates the failure in the primary
transmission. This allows the secondary userSTb to have a right
to fully access the primary spectrum in entire two time slots
without any power constraint. In other words, the coexisting
system operates with the SSAO mode. The nodeSTb uses the
QAM signal to present its secondary information message in-
stead of the use of the PAM signal because this provides a higher
achievable rate. The received signal atSR is as follows

(17)y(M+1) =
√
Prh3bxs,1 + n(M+1)

wherexs,1, xs,1 ∈ SQAM is a QAM signal representing sec-
ondary information message ofSTb. The SNR in this case
is Γ(M+1)=Prγ3b/σ

2, and the achievable rate isR(M+1) =

log2
(
1 + Γ(M+1)

)
(the pre-log factor is now1 because the

secondary transmission uses entire two slots with the complex
transmitting signal). IfSTi accesses the spectrum in this case,
the associated achievable rate is denoted asR(M+1),i, as previ-
ously presented in the subsection III-B.3.

D. Outage Performance Analysis

In this section, we analyze the outage performance of both
primary and secondary systems with respect to the proposed
method.

D.1 Primary Outage Performance

There is an outage in the primary system with respect to a
failure in the two rounds of primary relay selection. The outage
probability is equivalently expressed as

Pout,p = Pr {|B1| = 0, |B2| = 0}

= Pr {|A| = 0}

+

M∑

m=1

(
Pr {|A| = m}

×Pr {|B1| = 0, |B2| = 0 ||A| = m}

)
.(18)

Pr {|A| = 0} is calculated as

(19)Pr {|A| = 0} = (1− p1)
M

wherep1 = Pr
{
γ1i > σ2ρpt/Pp

}
= exp

{
−σ2ρpt/PpΩ1

}

and ρpt = 22Rpt − 1. The probabilitiesPr {|A| = m} and
Pr {|B1| = 0, |B2| = 0 ||A| = m} are computed as follows

(20)Pr {|A| = m} =

(
m
M

)
pm1 (1− p1)

M−m ,

Pr {|B1| = 0, |B2| = 0 ||A| = m}

=
∏

i ∈ A
|A| = m




Pr

{
Ṙ02,i > Rpt, Ṙ(M+1)2,i < Rst,

R02,i < Rpt

}

+Pr
{
Ṙ02,i < Rpt, R02,i < Rpt

}


 .

(21)

For the sake of simplicity, we defineηp = σ2ρpt/Ps, η̂p =
σ2ρ̂pt/2Ps, whereρ̂pt = 24Rpt − 1. We always haveρpt ≤
ρ̂pt/2 , as explained below

ρpt ≤
ρ̂pt
2

⇔ 22Rpt − 1 ≤
24Rpt − 1

2
⇔

(
22Rpt − 1

)2
≥ 0.

(22)
Therefore, we always haveηp ≤ η̂p. Two eventsṘ02,i > Rpt

andR02,i < Rpt cannot simultaneously occur because of as
following

(23)

{
Ṙ02,i > Rpt

R02,i < Rpt
⇔

{
γ2i > η̂p
γ2i < ηp

.

Becauseηp ≤ η̂p, the above inequality is not true, allowing us
to say that

(24)Pr

{
Ṙ02,i > Rpt, Ṙ(M+1)2,i < Rst,

R02,i < Rpt

}
= 0.

The probabilityPr
{
Ṙ02,i < Rpt, R02,i < Rpt

}
is calculated

as follows

(25)

Pr
{
Ṙ02,i < Rpt, R02,i < Rpt

}

= Pr {γ2i < η̂p, γ2i < ηp}

= Pr {γ2i < ηp}

= 1− exp

(
−
ηp
Ω2

)
.
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Assertingp2 = exp (−ηp/Ω2), we have as follows

(26)Pr {|B1| = 0, |B2| = 0 ||A| = m} = (1− p2)
m.

It is straight-forward that the above equality is equal to
Pr {|B2| = 0 ||A| = m}, makingPout,p = Pr {|B2| = 0} as
observed in (18). Therefore, we theoretically find that the pro-
posed scheme has the same primary outage performance with
the conventional scheme.2 Equation (18) is rewritten as follows

Pout,p = (1− p1)
M

+

M∑

m=1

(
m
M

)
pm1 (1− p1)

M−m
(1− p2)

m
. (27)

D.2 Secondary Outage Performance

When neither SSA nor PSAO mode is valid (|B1| =
0, |B2| = 0), the secondary system is in outage when
maxi∈C

{
R(M+1),i

}
< Rst, as already explained in III-B.3.

The secondary system also unsuccessfully accesses the spec-
trum when the PSAO is selected (|B1| = 0, |B2| 6= 0). Denot-
ing Pout,s as the secondary outage probability of the proposed
scheme, it is calculated as follows

Pout,s = Pout,pPr

{
max
i∈C

{
R(M+1),i

}
< Rst

}

+ Pr {|B1| = 0, |B2| 6= 0}. (28)

The probabilityPr
{
maxi∈C

{
R(M+1),i

}
< Rst

}
is the sec-

ondary outage probability with respect to the use of QAM in
both of two time slots.

(29)

Pr

{
max
i∈C

{
R(M+1),i

}
< Rst

}

= Pr

{
max
i∈C

{
Γ(M+1),i

}
<ρ̃st

}

= Pr

{
max
i∈C

{γ3i} < η̃st

}

= (1− p3)
M

whereη̃st = σ2ρ̃st/Pr , ρ̃st = 2Rst − 1. The termp3 is ex-
pressed as follows

(30)

p3 = Pr
{
R(M+1),i > Rst

}

= Pr
{
Γ(M+1),i>ρ̃st

}

= exp

(
−
η̃st
Ω3

)
.

We have

Pr {|B1| = 0, |B2| 6= 0} = Pr {|B1| = 0}

− Pr {|B1| = 0, |B2| = 0}

= Pr {|B1| = 0} − Pout,p (31)

2The definition of the groupB2 in the PCSS and that of the groupE
(see section IV) in the CCSS result in the same group of node. Therefore,
Pr {|B2| = 0} = Pr {|E| = 0}.

wherePr {|B1| = 0} is computed as follows

Pr {|B1| = 0} = Pr {|A| = 0}

+

M∑

m=1

(
Pr {|A| = m}

×Pr {|B1| = 0 ||A| = m}

)
.(32)

The probabilityPr {|B1| = 0 ||A| = m} is calculated as fol-
lows

(33)

Pr {|B1| = 0 ||A| = m}

=
∏

i ∈ A
|A| = m

[
1− Pr

{
Ṙ02,i > Rpt, Ṙ(M+1)2,i > Rst

}]

=
∏

i ∈ A
|A| = m

[1− Pr {γ2i > η̂p, γ3i > η̂st}]

=

(
1− exp

(
−
η̂p
Ω2

)
exp

(
−
η̂st
Ω3

))m

= (1− p4)
m

where η̂st = σ2ρ̂st/2Pr, ρ̂st = 24Rst − 1 and p4 =
exp (−η̂p/Ω2)exp (−η̂st/Ω3). Therefore, we have

Pr {|B1| = 0} = (1− p1)
M

+

M∑

m=1

(
m
M

)
pm1 (1− p1)

M−m
(1− p4)

m
. (34)

Substitute (31), (29), and (27) into (28), we findPout,s.

IV. CCSS SCHEME

In this section, we introduce the CCSS method which is pre-
viously presented by Yang in [11]. This section provides the
basis for the simulation of this method, allowing for a com-
parison with the proposed method. The primary transmissionin
this method is also based on a two-phase-based transmissionin
which the transmission from the primary source in the first phase
is as same as that previously presented in the subsection III-A.
According to this method, a group of candidates that select the
active primary relay is denoted asE ; it is formed by the sec-
ondary transmitters which are able to successfully decode the
primary signal in the first phase as well as allow the primary
receiver to be successful in decoding the primary signal in the
second phase. All of the transmitting signals in this methodare
the complex QAM signals.

Here, the received signal atPR, as supposing thatSTi

transmitsxp,1 in the second phase, is as same as the ex-
pression in (9). Therefore,E is mathematically defined by
E = {i |1 ≤ i ≤ M,Ri1 > Rpt, R02,i > Rpt }, whereRi1 is
the achievable rate of the transmission fromPT to Ri in the
first phase, as previously defined asRi1 = 1/2 log2 (1 + Γi1),
andR02,i is the achievable rate of the transmission fromRi

to PR in the second phase, as previously presentedR02,i =
1/2 log2 (1 + Γ02,i), whereΓ02,i = Psγ2i/σ

2. If E is not an
empty set, a primary relay, denoted asSTp, is then selected as
below

(35)p = argmaxi∈E {γ2i} .
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The selected relaySTp calculates the interference constraint,
which is denoted asIp, to limit the maximum interference power
at the primary receiver in the second phase. Based on the fol-
lowing equality,

(36)
1

2
log2

(
1 +

Psγ2p
Ip + σ2

)
= Rpt .

Ip is derived as follows

(37)Ip =
Psγ2p
ρpt

− σ2, ρpt = 22Rpt − 1 .

After STp is successfully selected, a group of candidates for
the secondary source selection, denoted asF , is mathematically
defined byF = {i |i 6= p , 1 ≤ i ≤ M,Prγ2i < Ip}, wherePr

is the power allocated for the secondary signal. Here, the sec-
ondary signal, denoted asxs, is a QAM signal,xs ∈ SQAM. We
can see that the constraintIp obtains its maximum value when
the termγ2p is at maximum. Therefore, the selection rule (35)
provides the maximum interference constraintIp. WhenF is
not an empty set, the secondary sourceSTb is selected based on
the following rule

(38)b = argmaxi∈F {γ3i} .

The received signal atSR in the second phase with respect to
the spectrum access ofSTb is as given

(39)y(M+1)2 =
√
Prxsh3b +

√
Psxp,1h3p + n(M+1)2.

If SR is successful in decoding the primary signal in the first
phase, it cancels the primary signal contained iny(M+1)2 by
regeneratingxp,1 as follows

(40)
ŷ(M+1)2 = y(M+1)2 −

√
Psxp,1h3p

=
√
Prxsh3b + n(M+1)2, R(M+1)1 > Rpt

whereR(M+1)1 = 1/2 log2
(
1 + Γ(M+1)1

)
. Note thatPs and

h3p are known bySR as assumed in [11]. DenotinĝΓ(M+1)2

as the SNR atSR with respect to the signal̂y(M+1)2,

Γ̂(M+1)2 = Prγ3b/σ
2, the achievable rate is thuŝR(M+1)2 =

1/2 log2

(
1 + Γ̂(M+1)2

)
. In the case that there is an outage

at SR with respect to decoding the primary signal in the first
phase,y(M+1)2 is directly used to decode the secondary sig-
nal. The decoding thus tolerates an amount of interference in
that case. Denoting the signal to interference noise ratio (SINR)
in this case asΓ(M+1)2=Prγ3b/(Psγ3p + σ2), the achievable
rate isR(M+1)2 = 1/2 log2

(
1 + Γ(M+1)2

)
.

Let us consider CCSS protocol when theSTp selection is
failed (E = ∅). In this case,STb is selected among users in the
groupC, which is defined byC = {i |1 ≤ i ≤ M }, as follows

(41)b = argmaxi∈C {γ3i} .

The primary transmitter decides to be silent for two phases,al-
lowing the secondary sourceSTb to fully access the spectrum in
two phases (first and second phases). The received signal atSR
is expressed as below

(42)y(M+1) =
√
Prxsh3b + n(M+1)

wheren(M+1) is the noise atSR in two time slots. The achiev-
able rate isR(M+1) = log2

(
1 + Γ(M+1)

)
whereΓ(M+1) =

Prγ3b/σ
2. It should be noted that the factor1/2 does not ap-

pear inR(M+1) becauseSTb fully accesses the spectrum in two
phases and its signal is a complex signal (in which both dimen-
sions are used).

The primary outage probability isPout,p = Pr {E = ∅}. The
secondary outage performance is expressed as

P(M+1) = Pr{E = ∅}Pr{R(M+1) < Rpt}

+ Pr{R̂(M+1)2<Rst, R(M+1)1>Rpt, E 6= ∅}

+ Pr{R(M+1)2<Rst, R(M+1)1<Rpt, E 6= ∅} (43)

whereRst is the secondary transmission target rate.
We can see that the secondary transmitting power,Pr, is con-

strained by the conditionPrγ2i < Ip (which appears in the defi-
nition ofF ). Therefore, improving the secondary operating per-
formance by increasingPr is limited. The possibility forSR to
decode secondary message without interference from the pri-
mary transmission occurs only the conditionR(M+1)1 > Rpt is
satisfied. However, in practice, the source usually employsthe
relay to save its transmitting power. Therefore, with a low trans-
mitting power,Pp, the probability for this condition to occur is
fairly low. As a result, the second decoding is highly dependent
of the decoding in the case whenR(M+1)1 < Rpt. In this case,
the decoding is very limited by the interference from the primary
transmission, as seen inΓ(M+1)2.

V. SIMULATION RESULTS AND DISCUSSION

In this section, the simulation results are provided to evaluate
our work. Here, the primary and secondary transmission rates
are set atRpt = 1 (bits/Hz/s) andRst = 1 (bits/Hz/s). The
distance betweenPT andPR is normalized atd0 = 1. The po-
sitions of nodes are located at(0, 0) for PT, (d0, 0) for PR,
(d1, 0) for STi, (d1, d3) for SR. d4 andd2 are thus identified
asd4 =

√
d21 + d23 andd2 = |1− d1|, respectively. The noise

variance of all nodes is normalized asσ2 = 1. The path loss
exponent isv = 4. By default,M is 3, d1 is 0.5, d3 is 0.5,
Pp/σ

2 = 2 dB. The transmitting powerPp is here set to be at
low value because in practice, the cooperation is usually em-
ployed to reduce and save the transmitting power of the source.

In Figs. 2 and 3, we evaluate the outage performances of the
primary and secondary system with respect to changes in thePr

value, respectively. Here,Ps/σ
2 is set at the value of10 dB.

It is straight-forward that Fig. 2 shows that the primary out-
age performance of PCSS is same as the CCSS counterpart. It
is because the SSA mode of PCSS is only allowed only when
the primary operating system is protected. The conditions in the
definition of the groupB1 assure the secondary operation in the
SSA mode not to degrading the primary outage performance.
Because the mutual interference is completely avoided in the
PCSS, the increase ofPr does not contribute any impacts on the
primary performance. Therefore, the changes inPr do not affect
the primary outage performance, as shown in Fig. 2. The sec-
ondary outage performance is as depicted in Fig. 3. It is clear
that PCSS considerably outperforms CCSS. As thePr value
increases, the secondary performance of CCSS becomes more
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Fig. 2. Primary outage performance vs. Pr/σ2, M = 3.
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Fig. 3. Secondary outage performance vs. Pr/σ2, M = 3.

degraded because opportunities for the secondary spectrumac-
cess are limited by the interference constraintIp. Meanwhile,
the secondary outage probability of our proposed scheme is sig-
nificantly lower than CCSS. The pre-log factor of the achievable
rate in the secondary transmission of the SSA mode in the PCSS
is 1/4, which is lower than the value1/2 of the counter-part in
CCSS. However, in the PCSS, the degradation caused by the
low pre-log factor of the secondary achievable rate is compen-
sated and much reduced as a result of the use of PAM signals
to avoid the mutual interference. This explains the considerable
outperformance of the PCSS as compared to CCSS, in term of
the secondary outage performance. AsPr increases, PCSS is
more improved because the spectrum access in PCSS is not lim-
ited by any interference constraint.

The outage performance of the two systems with respect to
changes inPs is observed in Figs. 4 and 5. Here,Pr/σ

2 =
10 dB. We see that the PCSS still has the same primary outage
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Fig. 4. Primary outage performance vs. Ps/σ2.
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Fig. 5. Secondary outage performance vs. Ps/σ2 .

performance as that of CCSS. For the secondary outage perfor-
mance, as shown in Fig. 5, we can see that as thePsvalue de-
creases, the secondary outage performances of both PCSS and
CCSS become indistinguishable from each other. This can be
explained because in PCSS, the lowPs values make the pri-
mary system more probably in outage, and the SSAO mode thus
dominates the cases of the secondary access. An increase of
Ps from a low value results in the decrease in the probabilities
Pr {|B1| = 0, |B2| = 0} and Pr {E = ∅}, increasing the sec-
ondary outage probability in both schemes. AsPs becomes suf-
ficiently large, PCSS more considerably outperforms the CCSS.
In CCSS, increasingPs with sufficiently large values provides
more opportunities for the simultaneous spectrum access. How-
ever, the primary signal is increasingly interfered with bythe
secondary transmission. As a result, this degrades much SINR.
This thus slightly decreases the secondary outage probability of
CCSS asPs gets larger. Meanwhile, the secondary outage prob-
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Fig. 6. Primary outage performance vs. M .
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Fig. 7. Secondary outage performance vs. M .

ability of PCSS is dramatically decreased asPs increases with
sufficiently large values. This is accounted for because thein-
crease ofPs does not cause interference into the secondary re-
ceiver while still providing more opportunities for simultaneous
spectrum access.

Figs. 6 and 7 respectively depict the primary and secondary
outage performance with respect to changes in the number of
secondary transmitters, respectively. Here,Pr/σ

2 = Ps/σ
2 =

5 dB. Fig. 6 confirms the same primary outage performance of
both schemes. We can see that the PCSS still maintain the same
degree of the exploitation of the spatial diversity in the primary
system.

In Fig. 7, the degree of the exploitation of the spatial diver-
sity in the secondary system of the PCSS is much improved
as compared to that of the CCSS. The very limited secondary
outage performance in CCSS is explained as follows. The se-
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Fig. 8. Primary outage performance vs. d1.
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Fig. 9. Secondary outage performance vs. d1.

lection rule presented in (35) attempts to maximize the interfer-
ence constraintIp, which then provides the more opportunities
for the secondary spectrum access during the primary transmis-
sion. As more nodes are used for the primary relay selection
(M increases),Ip, whereIp = Psγ2p/ρpt − σ2, then increases
becauseγ2p is based on the best selection rule (35). However,
the benefits from the increase ofIp shows a very little improve-
ment whenM increases, because the SSA is with the mutual
interference when the conditionR(M+1)1 < Rpt occurs. As
already explained in the last paragraph of the Section IV, this
condition,R(M+1)1 < Rpt, dominates the other, the one is with
R(M+1)1 > Rpt becausePp is low in this simulation. It should
be noted that the selection of low valuePp because in practice,
the source usually uses the cooperation when it attempts to save
the transmitting power. The amount of interference,Psγ3p, ap-
pearing inΓ(M+1)2 is not reduced by increasingM . It is because
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the selection rule (35) only takes care of maximizingIp, rather
than minimizing the amount of interference that the primary
forwarding transmission contributes to the secondary receiver.
Therefore, in a general view, there is little improvement inthe
secondary outage performance of the CCSS asM increases.

In Fig. 7, in the PCSS, the secondary outage performance is
considerably improved asM increases. The mutual interference
is already suppressed in the SSA. As a result, the secondary
transmission can enjoy the benefit from the exploitation of the
spatial diversity, as a result of theSTa- selection from multiple
nodes, as presented in (8). The limitation of the CCSS and the
advantages of the PCSS are then the reasons to explain the out-
performance of the PCSS as compared to the CCSS, in term of
the secondary outage performance in Fig. 7.

In Figs. 8 and 9, we compare the performance of both sch-
emes with respect to various positions of the secondary trans-
mitters. The number of the secondary transmitters isM = 3. As
observed in Fig. 8, the primary outage performances of both sys-
tems are presented by a U-shaped graph. As the secondary sys-
tem is either sufficiently closer to or sufficiently further from the
primary transmitter, the primary outage probabilities increase. It
should be noted that both schemes still have the same primary
outage performance. Fig. 9 evaluates the secondary outage per-
formance of both schemes. A quick glance shows that PCSS
always outperforms CCSS. The PCSS’s graph has two turning
points. Asd1 increases from0 to the first turning point, the sec-
ondary outage probability is decreased. Asd1 increases from the
first turning point to the second turning point, secondary out-
age probability is increase. For a sufficiently larged1 value, the
secondary outage performance of both system decrease because
primary outage probability is highly increased. This figurestill
confirms the considerable outperformance of the PCSS as com-
pared to the CCSS.

VI. CONCLUSION

In this article, we proposed a scheme of the spectrum shar-
ing in which there is no interference in either the primary or
the secondary system. In the proposed method, for a simultane-
ous spectrum access, we proposed the use of PAM signals for
the primary and secondary messages respectively, on orthogo-
nal dimensions to allow no degradation in primary performance.
Analysis and simulation results show that our proposed scheme
improves secondary outage performance while achieving the
same primary outage performance with conventional scheme.
Furthermore, the secondary power transmission with respect to
our proposed scheme is not limited to the interference constraint
in primary system.
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