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A Method to Avoid Mutual Interferencein 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, thereal and imaginary pulse ampli-
tudemodulation signals, if the primary system isnot in outage with
thisuse. A secondary transmitter isselected tobetheprimary relay
and the active secondary source to perform this. Thisallows a si-
multaneous spectrum accesswithout any mutual interference. Oth-
erwise, the primary system attemptsto use a full two-dimensional
signal, the quadrature amplitude modulation signal. If thereisno
outagewith respect tothisuse, the secondary spectrum accessisnot
allowed. When both of the previous attempts fail, the secondary
system is allowed to freely use the spectrum two whole time dots.
Theanalysisand 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: Cognitiveradio, cooper ative spectrum sharing (CSS),
decode and forward, underlay spectrum sharing.

I. INTRODUCTION

Nowadays, the scarcity of wireless radio resources alotty

a dramatic increase in the demands on wireless networkgto s

port high data transmission rate has led to the investigatfo

many novel types of network, such as TV white-space cogniti

radio network and heterogeneous wireless mobile netwark.

exploiting TV white space, secondary users have to casefu

sense the TV spectrum to avoid the secondary spectrum

cess during the active period of the primary system. Mealewhi

a heterogeneous wireless mobile network (Hetnet) attetopt
improve data throughput by locating multiple small-sizésce
femto-cells or pico-cells, along with large-size cell (macell).

Because these small-size cells are randomly deployedfente
ence management, cancellation and coordination becomgs

important issues. Therefore, the research on underlayndigna

spectrum sharing has been received a great deal of attestio
cently. This is reflected in a currently increasing amouritef
erature devoted to cooperative spectrum sharing (CSS]-—
Application of cooperation into the spectrum sharing isatde

to extend the primary interference constraint as well asits m

gate the interference contributed from the secondary sourc
Cooperation can be typically applied in the co-existencse s
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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 @5t

plied in the scope of the secondary system under a certairipow
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 siacgn
users (SU). A simple system model, which consists of twaspair
of the primary and secondary transceivers simultaneously i
plementing their spectrum access, were proposed by #zalg
in [2] and [7], respectively to the use of the amplifying-and
forward (AF) and decode-and-forward (DF) protocols. Irsthe
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 &pe
plication of the DF protocol. In [10], the spatial diversitythe
forwarding channel was not available because the primday,re
also as the secondary source, was selected from the onstclose
to the primary transmitter. In [9], [11], the primary relaydithe
Isecondary source are different the SUs, allowing the etgtion
%f the spatial diversity in both systems. In general, themdis-
advantage in all of these works is that the transmissionstih b
eystems cause the mutual interferences. As a result, théyal
qontributes a further considerable degradation in thersismy
Herformance which is already limited by a certain intenfieee
%%pstraints level for protecting the primary system. Sahv&ud-
ies, e.g., the ones by let al. and Wei Danget al., attempt to
Savoid the use of the interference constraint for finding atfigpe
mance improvement [4], [5], Lét al. proposed a model where
primary system asynchronously shares its spectrum with the
secondary system via a credit-based spectrum-allocatgntm
aenism [4]. The secondary nodes are given an entire time slot

or transmission after a sufficient number of successfuhpry
ntransmissions with respect to their cooperation. Howetler,
secondary average transmission rate is low because theemumb
of timeslots allocated for the secondary system is limitieda
multi-carrier system, interference coordination can beuss 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 arbc
Yiers for the secondary spectrum access. Therefore, thepyi
and secondary systems did not interfere with each otheranr sh
ing time.

There have been a numerous investigations on the second CSS
type in which the cooperation is only available in secondasy
tems. As a result, this allowed the secondary system to eeduc
its interference with the primary user [1], [3], [6]. Howeythe
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main disadvantage in this scheme is that the secondarynsyste

must be under an interference constraint which is imposed by ST,
the primary system. R
To our knowledge, the simultaneous spectrum access in botRT ho : PR

system in most of these related works, with the exception of
[4], [5], requires an interference constraint to preverst prer-
formance of the primary system from being degraded. This is
the very considerable limitation that motivated us to stady
CSS scheme, which can dually provide the spectrum access for
both systems without requiring any primary interferenca-co
straint. The main contribution of our work in this articletisat
within the same single subcarrier, both of the primary artd se SR STyl I:' Secondary node
ondary systems can simultaneously access the spectruuith
any mutual interference, allowing an infinite power alléaat Fig. 1. System model.

for the secondary access without degrading the primary-oper

ating performance. For the same purpose of avoiding the mu-

tual interference, work by Lét al. did not allow a simultane- transmittersST;, i = 1,---, M and a common receiveiR.

ous transmissions [4], while work by Wei Daspal. required a The secondary configuration is similar to an uplink communi-
multi-carrier system [5]. In this paper, several technigueg., cation in an infrastructure-based wireless network withiiase
handshake protocol, relay selection and so forth, of thei.pres'[ation SR. Channel state informations (CSIs) are denoted as
ous works presented in [9], [11] are reused with our propos&d, h1i, h2i, hai, andhy, respectively to the link$T — PR,
method. Here, we attempt to improve the outage performancddl’ — ST;, ST; — PR, ST; — SR, andPT — SR. Distances

the secondary system, while maintaining the same primatry o@f these links are accordingly also denotedigsd;;, da;, dsi,

age performance as the previous scheme, the one which wag@#fds. In this article, the fading types of all channels between
ready presented in [11]. The primary transmission in thislar nodes are assumed to be slow flat Rayleigh fading. Locations
is on the basis of the two-phase-based transmission. Inrour pf ST; are assumed to be close to each other, allowing to us
posed protocol, candidate nodes for a primary relay areassoconcluded; = dy;, d2 = da;, andds = dz; for 1 < i < M.

the secondary transmitters; the one which is selected tothea Note that this assumption is purely for mathematical caltoih

will act as both the active primary relay and the active sdeoyp and does not restrict the application of the proposed meithod
source at the same time in the forwarding phase. These ca@dgeneral multiple relay scheme. Noise at each node is assume
dates are those which are successful in decoding the primaga zero mean complex Gaussian random variable with varianc
signal in the broadcasting phase (or the first phase). Thégma”. We further assumBR to be a robust base station, support-
them a priority to employ a real pulse amplitude modulatiofig both PAM and QAM modulations. We assume that channels
(PAM) signal for the forwarding the primary message. If therare perfectly estimated at the receiver by estimating the pi

is no outage with respect to this use, the secondary systein issignal contained in the control messages. All channelsdtge
lowed to simultaneously access the spectrum along withghe ®path loss with the same exponent We can express distribu-

of an imaginary PAM signal for the secondary message. Witiens of CSis as follows, ~ CN (0,90), h1; ~ CN (0,84),
respect to failures in the first attempt using PAM, these Band2i ~ CN (0,€s), hai ~ CN (0,93), andhy ~ CN (0,Q4),
dates attempt to use quadrature amplitude modulation (QANIpereQy = dy°, 1 = di", Q2 = dy”, Q3 = d3" and
signal, which is a complex signal, for forwarding the primarQ, = d;". The real PAM alphabet set is defined Byanm EY
message. If there is no outage in the primary system, the s?g*s €ER,E{s} =0,E {52} =1 } The QAM alphabet set is

ondary system access is not allowed. Otherwise, the segond A {S ’S €C,E{s}=0,F {|S|2} _ 1} We denote
system uses the entire two timeslots with an applicationafQ ~ M — T o I A
for the secondary message. R,: and Ry as the primary and secondary transmission target

rates, respectively. In this article, the primary systenubddike

is system model, which describes the system configuratiba. T employ the cpoperayon from th.e secondar.y tran;mmﬁrs-t
proposed CSS (PCSS) method: Spectrum sharing using PAREE itS power in an wireless environment with a high patiso
signals section describes and analyzes the outage pelfoemz?x_ponem‘ There_fore, in this ariicle, thetransmlttmg_pomf t_h_e
of our proposed method. The conventional CSS scheme secﬁ&ﬂj?ry source is low and the path-loss exponent is suffigien
is provided to briefly present several important resultsioled 9"

by Yang in [11]. The simulation results and discussion secti

discusses the results of our work. Finally, our work is cadeld [1l. PCSSMETHOD: SPECTRUM SHARING USING
in the conclusion section. PAM SIGNALS

.

—

ST;-—~  hy

. (O Primary node

This article is divided into several sections. The nextisect

In section |, we address that most of the current CSS schemes
Il. SYSTEM MODEL are with the interference constraints. As a result, thissizber-

In our system model, as depicted in Fig. 1, there are a paifin essence, in the simulation, we 8 at a low value,P, /o2 = 2 dB,
of primary transmittePT and receivePR, multiple secondary wheres? = 1, and the path-loss exponentis= 4.
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ably degrades the secondary operating performance betteus#R, andl“(MJrl)l:Ppm/a2 for SR. For the sake of simplicity
secondary transmitting power is restricted by the interiee in presenting, we denot@;, Yo, V4, Y2i, and-s; as the instan-
constraint. In addition, in these schemes, the primarnstrass taneous channel gains of the channels, defined as Ihul2
sion always interferes with the secondary receiver, thuhién  , = |h0|2, = |h4|2, Yoi = |h2i|2, and~s; = |h3i|2. The
considerably degrading the secondary signal. Therefothj$s achievable rate at nodel < i < M + 1, is denoted as;1,
section, we suggest a spectrum sharing scheme which allewsgl it is expressed as follows;; = 1/2 log, (1 +T';1). The
both systems, the primary and secondary systems, to simedltapre-log factor isl /2 because the transmission is with the com-
ously access the spectrum without interfering with eaceoth plex QAM signal and the transmission duration is only in the
In this scheme, we propose that a primary relay is also asirgt time slot.
secondary source, using the PAM signals for the simultasieou
spectrum access. Its transmitting complex signal contains B. Setting-Up Process: Mode and Relay Selection

PAM signals, the one which is the real PAM signal presenting gefore implementing transmission in the transmission time
the primary message, and the one which is the imaginary PAM nodes in the coexistence system join into a setting-up pr
signal presenting the secondary message. These allow PR @k in which control messages are transferred, allowidgsio
SR to decode their desire signals without any interfereAse& o know CSls, transmission power, types of the transmitigg
result, the use of the interference constraint is also @&ebid nals, and to select the primary relay and secondary soutw. T
As same as the previous studies by Yangl., the setting- gperating mode for the information transmission time is als-
up time is prior to the information transmission time and fgcted in this process. In this article, we are based on the-ha
is for exchanging the necessary control messages, for&stinghake protocol proposed by Yang in [11], but with much modifi-
ing the CSIs and so forth. With full knowledge of CSis, theations. For the sake of clarity, we reintroduce severatsgary
transmitting power and etc., the co-existing system can Cﬁbrts which are aforementioned in [11].
culate the necessary achievable rates in the setting-updper The selection of the primary relay, the one which is also as
rather than in the information transmission time. As a el g secondary source as well, takes place in an interval known
can determine the transmitting modes for the informatiangr 55 the primary relay selection window 1 (PRSW1). The success
mission time, which consist of: Simultaneous-spectruteas of the relay selection in this interval then determines tB&S
(SSA), primary-spectrum-access only (PSAO), and secgRdamode for the information transmission time. If the selattio
spectrum-access-only (SSAO) modes. The next subsection BRsS\1 is failed, a primary relay is selected in the seconddou
scribes the transmission of the primary source in the firabph \yhich is known as the primary cooperation selection window
when the primary system decides to use its spectrum (in SSAPRSW?2). However, the primary relay selected in this round
or PSAO modes). The mode selection is then described in figes not act as the secondary transmitter. Therefore, itthg
other next subsections. selection is successful in PRSW2, the operating mode is-dete
mined as the PSAO mode. In PRSW1, the secondary transmit-
ters ST; make them a priority to select a primary relay with
respect to the use of the real PAM signal for the primary sig-
In this subsection, we describe the transmission in the fifddl. If the selection in PRSW1 is failed, PRSW2 round is re-
tranmission phase, when the primary system is determinedqgi@ired, attempting to use a QAM signal for the primary sig-
use its spectrum. In essence, the primary system uses is sp@l. Another interval for the secondary source selectidrichv
trum in the PSAO or SSA modes. We notafeas the binary is known as secondary source selection window (SSSW), is
primary message th&T wants to dispatch tBR. Inthe broad- required when the primary relay selections are failed irhbot
casting phas&?T employs a QAM signak,;, 1, 2,1 € Sqam, PRSW1 and PRSW2. When SSSW occurs, the system attempts
presenting messagg. The received signals at nodes with reto determine the SSAO mode for the transmission time. We as-

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

spect to broadcasting, ; are as follows sume that PRSW1, PRSW2, and SSSW have the same duration
At.
yiao = Pphiizp 4 ni, 1) To start the setting-up processtat ty, PT transmits a pri-
yor = +/Pyhorp1 + not, (2) mary cooperation request message (PCRM) to acquire cooper-
ation. This message also contains a pilot signal, allovs
Ym+r = vV Pph417p,1 + (1)1 Q) g P g 8

PR, SR to estimate the CSl&y;, hg, andhy, respectively. In
wherey;1, yo1, andy(s41)1 are the received signals &fT;, overhearing PRCMPR responses a primary cooperation ac-
PR, andSR in the first phase, respectively, is the transmit- knowledge message (PCAM). This response message also con-
ting power of the primary transmitter. In this article, is low; tains a pilot message, allowir['; to estimateh;. Overhear-
thus, the primary source decides to employ the cooperation f ing PCAM, SR transmits a secondary cooperation acknowledge
the secondary transmitters to obtain the higher performasc message (SCAM) which also has a pilot signal to alki to

a result of the higher degree of the exploitation of the gpatiestimatehs;. The PRSW1 is started when the system receives
diversity. The noise at nodgin jth phase; = {1,2}, are de- the SCAM.

noted asy;;, wherel < ¢ < M presents the noise &f;, i = 0 . . .

presents the noise BR andi — M +1 presents the noise 8R. B.1 The Primary Relay and SSA Mode Selections in PRSW1
The signal to noise ratios (SNRs) in the first transmissicasph  The use of the SSA mode for the transmission time is deter-
arel';; = Pyyy/0? for ST;, 1 < i < M, To1=P,7/c? for 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 transmisdia®.  Because the transmitting information is contained in the
denoted as a group of the secondary transmitters which carirbaginary dimensiorSR retrieves this information as follows
successful in decoding the primary signal in the first phitse;
is mathematically defined bt = {i|1 < ¢ < M, R;1 > Ry }. Yy, = Im {€§iy(M+1)2,i}

o= (7
It should be noted that the transmission time has not stéred
each nodeST;, can know about its success or failure in decod-
ing the primary signal if it has the knowledge of CSls, traitsm whereiigs = Im {e5;n(a41)2}, €3i = hasi/|hsi|, andes; is
ted power. In this selection window, each secondary transnihe conjugate value ofs;. Im {z} is the function to get the
ter, ST;, calculates its achievable rates, those which are cori@aginary componentaf. The achievable rate of the secondary
sponding to the use of the real and imaginary PAM signals fiaNsSmission isky/41y2,; = 1/4 log, (1 + 2P.ys:/0?).
the primary and secondary messages, respectively. In PRSWMWe then generalize the node that is as both the active primary
the group of candidates for the active primary relay (whieh relay and the active secondary source t§as.It is selected as
also as the active secondary source) is formed based on fiilows
users inA. Those, whose forwarding transmissions with re- a = argmaxcp, {73} (8)
spect to the use of the PAM signal satisfy the primary targiet r To implement the above selection, each nod8iiounts down
Ryt and the secondary transmission target fatg composes its timer with an initial valuet;; = o2pyAt/2P,~s;, Where
the candidate group:, which is mathematically expressed by;, = 24%= — 1. The first timer reaching the zero value deter-
B =1{ilie A, ROQ_’Z. > Rpth(]LI+1)2,i > Rg +. Here,ROM minesthg primary rquSTa Witr_\in Ar_ﬁ,which inturn launches a
is the achievable rate of the transmission fr§ifiy to PR, with coOperation and sharing confirmation message (CSCM) to stop
respect to the use of the real PAM signal for presenting the pihe selection process. This message is the indication todls
mary messageR /4 1)2.; is the achievable rate of the transmisthat the operating mode is the SSA mode. We have the facfthat i
sion fromST; to SR, with respect to the use of the imaginary?(m+1).i > Rsi, the value ot,; is always less thadt. There-
PAM signal for presenting the secondary messag&laf The fore, the selected nod&T,, is always selected from nodes in
relay selection and the expressionsR@)fz,i andR(M+1)2.i are Bi- In_ o'gher words, the sglecnon based_ on th_ese tlmers.means
described in the remaining of this subsection I11-B.1. ’ that within the amount of timé\¢, if there is no timer to expire,

Let us describe the operation of the SSA mode in the secdi§® IS an outage in the secondary system with respect uséhe

phase, whelT; is assumed to be the active primary relay angl t€ imaginary PAM signal. Thus, by waiting for the PRSW1

secondary source. We denatgs, .2 € Spaw, as the primary to expire without the CSCM, the system knows that the SSA
signal presenting a primary ihforfﬁation messagéwhich is mode is not available. Here, CSCM contains information &bou
also presented in the form of a complex QAM signal, ). We types of signals used in both systems, those which inditate t
also notater, o, x5 € Spau, as the PAM signal répresent-use of the PAM signals. This control message also contains a
ing a secondéry binary message of nédg. ST; will locate pilot signal, allowingPR andSR to estimate the channels,,

xp,2, With the P, power, in the real dimension to create the rezﬂndh&l' . . .

PAM signal for the primary information message, and locate ©Overhearing CSCM and waiting for the PRSW1 period to ex-
249, With the P, power, in the imaginary dimension to creat®''e; the whole system waits for an additional amount of time

the imaginary PAM signal for the secondary information me<At before starting the first transmission phase. This resuilts i

sage. The received signalR with respect to transmission of & ©0tal amountof time consumed for the setting-upAs. In the
ST, is as below case that PRSW1 ends without CSCM (the first round for select-

ing the primary relay, also as the secondary source, wites
_ : to using PAM signal has failed), the SSA mode is not available
i =V Pshoizpa +1v/ Prhais o+ noz. 4 X
voz, 2t e 02 @ and PRSW?2 starts the second round to select the primary relay

i is denoted as a pure imaginary unit value. Because the traWQ—iCh then operates in the PSAO mode.

mitting information is contained in the real dimensidt re- g 5 primary Relay and PSAO Mode Selection in PRSW2

trieves this information as follows
PRSW?2 starts right after PRSW1 ends without CSCM. This
. X interval is familiar with the determination to select theAes
Yoz, = Re {ezy02.i} (5) mode for the information transmission time. The PSAQ is also
=/ Ps¥2iTp,2 + No2 on the basis of the two-phase-based transmission. Therirsns
sion in the first phase of the PSAO mode is as same as that pre-
wherengs = Re {e5,no2} andeq; = ho;/|hail, €3; is conjugate sented in the subsection IlI-A. If the secondary transmgte;
value ofey;. Re {z} is the function to get the real componenis selected to be the relay in the PSAO mode, transmissidrein t
of . In this case, the achievable rate in accordance with tf@warding phase is as follows
full CSI knowledge isRyz,; = 1/4 log, (1 4 2Ps72:/0?). The
factor1/4 appears iRy, ; because the transmission is based on yo2,i = v/ Peh2ip + noa (9)
two phases and the use of the single-dimensional signaietiie where . ; is the received signal at the PR, with respect to
PAM alphabet set. The received signabat is the transmission fron$T;. ngs is the white noise of the pri-
mary receiver. Here, the primary transmission signal i< tim-
Yoursnzs = V Pshaity s + i/ Prhaizs 2 + nriz- (6)  plex QAM signal and the spectrum sharing is not allowed in

=/ Pry3iTs2 + Nar1)2
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the PSAO mode. The achievable rate of this transmissioris der ST}, is based on the following rule
noted aS.R()QJ', R()Q;L' = 1/2 1Og2 (1 + F()Q_’i), Whererogyi =

P, /o2 It should be noted that the pre-log factor herg ig b = argmax;cc {73} (11)
because the transmission signal is the complex signal and th

transmission duration is within the second time slot. whereC is defined byC = {i[l <i < M}. The initial value
Nodes in groupA form a candidate groupB,, for this Of the timer ofST; is atts; = oAt/ P.ys;. The first timer
second round of the primary relay selection, whéte = [0 expire (_jetermlges the active secondary.transmltter.té'ltn.e

{ili € A, Ro2,; > Ryt }. The active primary relayT,, is se- Pst IS defined bypy, = 2" — 1, which gives the meaning
lected as follows that Pr {R(M+1),i > Rst} = Pr {PT’}/gi/U2 > ﬁst}. This ini-
tial value at everysT,’s timer allows the selected nod€T;, to

p = argmax;cp, {72i} - (10) satisfy thatR ;1) > R, if it is selected within the dura-

. . L . tion At of the SSSW. Meanwhile, if the time that the first timer
This selection rule is implemented by that the timer of ev- . )

. . .~ reaches the zero value is out of the duratidhof the SSSW,
ery nodeST; in the groupB, counts down its value which

is initially set atty; = o2pptAt/Psye;. The termpy, is de- itis always thatfy.1),, < R, Meaning that the secondary
; R : : . spectrum access is always in outage in the SSAO mode. There-
fined by p,¢ = 2°"»* — 1, which gives the meaning that . . - .
9 . fore, if ST, is selected within the durationt of the SSSW,
Pr{Roz2,i > Rpt} = Pr{Psy2;/0? > py }. Therefore, ifST; . . )
: ’ cfe TP : it transmits a secondary access confirmation message (SACM)
is belonged to the subs®, its timer’s initial value is always : : .
o : to stop the selection process. This control message cerdain
less thanAt. The first timer of the nodes in grougy, the one . : . . o
. " ) pilot signal, allowingSR to estimate the CShs;,, and it indi-
that first reaches to the zero value within the durationof . :
. . - cates that the SSAO mode is valid. The secondary system then
the PRSW?2, determines 5. This decision rule thus alWayswaits for the expiration of the SSSW to start the transmissio
obliges the selection rule (10). If the selection is sudtgssST,, P

; i : : ime, making total amount of time for the setting-up beingpal
generates a primary cooperation confirmation message (BC . ; . . . .
i A t in this case. Otherwise, the selection &F) is not fin-
to stop the selection process. Here, the PCCM contamsrmertghed within the SSSW. All nodeST; automatically force to
setting bits that indicate the use of the QAM signal for thie pr X ! y

. : . . stop the selection process when the SSSW expires, because th
mary information message in the forwarding phase. It alsb co

. . . . - selected secondaryT, at the time which is out side of the

tains a pilot signal to allow the remaining nodes to estinitste d :
SSSW always provides an outage in the secondary spectrum ac-

CSls. : cess in the SSAO mode. The system is then force to be silent to

For the case that PRSW2 ends with a PCCM, the spectrum . ' A . -

. save the energy in the transmission time. It is explicit that

access of the secondary system is not allowed and the oper- L o

. . . ' secondary transmission in the SSAO mode is in outage when
ating mode is determined as the PSAO mode. The first trargga-bxl {R } <R
mission phase of this mode is started after waiting more an - *€¢ UM (M+1).¢ st
amount of timeAt, making total amount of time consumed for, ;

. iy R X .~ C. Achievable Rates

the setting-up beingAt. Likewise, the ending of PRSW2 with- _ . .
out PCCM indicates the failures in the primary relay setecin  C.1 Achievable Rates in the SSA Mode, with respect to the

both PRSW1 and PRSW2. The co-existing system then knows ST,-Selectionin PRSW1

that the PSAO mode is not valid. This indication also stimu- | ot us consider the transmission in the SSA mode which is
lates a SSSW for selecting a secondary source to fully accgfificated by the transmission of the CSCM. Transmissions in
the spectrum in whole of two time slots. the SSA mode consist of two phases. Transmission in the first
B.3 Secondary Source and the SSAO Mode Selectionsin Ssgpl@se is as presented in the previous subsection IH'A'dW.Eb.
phase, the selected secondary user employs the real and imag
Right after PRSW2 ends without any the PCCBIL; starts npary PAM signals to present the primary and second messages,

another secondary source selection in the SSSW. Becauseriipectively. The received signals at PR and SR the secaseph
primary system is already in outage, the primary transmitte  5re as follows

does not transmit its signal, allowing all secondary traittens

t(:c nger uze the spﬁct[)uml in tfh(;SSAOI mor(ile. Trl;e tra(;ls.mission Yo2 = /Pihoattps + iV Prhoasn +noa,  (12)
of this mode is on the basis of the single-phase-based tiansm .

sion. The entire transmission time (which is divided intmtw ~ Y(M+1)2 = i/ Prhaatss + V/ Pohaatp + 1 41)2:(13)
time slots in the SSA and PSAO modes) is now for a direct trari§
mission fromST; to SR, if the nodeST; 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- Yoz = Re {e3,y02} (14)
ondary message because it provides more achievable rate tha =/ Pey2ap,2 + o2

that with respect to the use of the PAM signal. The achiev-

able rate of a transmission fromS$; to SR in this case is wheree}, = h3,/|heq| @andngz = Re{eb,no2}. It is clear
Ripr41y,i = logy (1+PT731-/02) (the pre-log factor isl be- that, in (14), the secondary interference is completely re-
cause the entire transmission time is for a direct transamssmoved, allowing an unlimited secondary signal power allo-
and the transmitting signal is a complex signal). Generaley cation. The SNR of the primary signal with respect to this
denote the active secondary transmitteiSd5. The selection case isl'“02:2P872a/02. The respective achievable rate is

R retrieves the received PAM signal according to
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Ro2=1/4log, <1+f02) , Where the pre-log factor df/4 is be- D.1 Primary Outage Performance

cause the transmission occurs within the second time sbbt an There is an outage in the primary system with respect to a

the signal is a single-dimensional signal. failure in the two rounds of primary relay selection. Theame
The retrieved PAM signal &R is according to as follows  probability is equivalently expressed as

Ytz = Im{ez,yaninz} (15) Pousp = Pr{|Bi| =0,|B;| = 0}
=V Pry3a®s,2 + fis1)2 = Pr{|A] =0}

+

M
. . . . Pr{|A| =m}
wherecs, = hi,/|hsal anditariayz = Im {€5, -} 2 <XPr{|B1| = 0,83 = 0|4 = m}) 18
The SNRis thud" 141y = 2P,v3,/0?. The achievable rate m=1

of secondary transmission in this case is denoteﬂ”@@“)g, Pr{|A| = 0} is calculated as
WhereR(1w+1)2 = 1/4 10g2 (1 + F(M+1)2) . M
Pr{|A[ =0} =(1-p1) (19)

C.2 Achievable Rates in the PSAO Mode, with respect to the
ST,-Selection in PRSW2 wherepi = Pr{vi; > 0°ppe/Pp} = exp{—0?ppe/Ppfdi}

When the selection for the rel&f’, is successful in PRSW2, and ppr = 2° — 1. The probabilitiesPr {|A| = m} and
PSAO mode is active. This mode is also on the basis of the two £ {[B1] =0, |Bz| = 0||A] = m } are computed as follows
phase-based transmission. The transmission in the firsepha m e
was presented in the subsection I1I-A. In the second pl&ig, Pr{|A| =m} = ( M ) pr(1—p)" 7", (20)
uses the QAM signal;, 1, for the forwarding primary message.

The secondary spectrum access is prohibited in this mBie.

is the received the signal as follows Pr{|Bi| =0, |Bs| = 0||A = m}
Yo = \/Pehapp 1 + no2 (16) Pr{ Bozs > Bt By < at, }
— Roo,; < Ry
The respective SNR is given &5.="P572, /02, and the achiev- ie A|+Pr {ROM < Rpt, Ro2,i < Rpt}
able rate of this transmission BR is denoted ad?y», where |Al =m
Ro2 = 1/2 log, (1 4+ Tge2). If ST; is selected to be the active (21)

relay ST, the achievable rate &R with respect to its trans-
mission is the same &%y ;, which is previously presented.  For the sake of simplicity, we defing, = o%pp¢/Ps, 7,

_ . _ 02 ppt/2Ps, wherep,, = 248+ — 1. We always have,, <
C.3 Achievable Rates in the PSAO Mode, with respectthig- Dot/2 . as explained below

Selection in SSSW

Failu_re .in seleptingSTp indicates the failure in the primary ot < Ppt e 92Re _] < 94Rpt _ | o (2P _ 1)2 > 0.
transmission. This allows the secondary USEy to have a right 2
to fully access the primary spectrum in entire two time slots (22)
without any power constraint. In other words, the coexgstin Iherefore, we always havg, < 7,. Two eventsRog i > Ryt
system operates with the SSAO mode. The n&le uses the and Rp2; < Rpe cannot simultaneously occur because of as
QAM signal to present its secondary information message Iﬁ)llowmg
stead of the use of the PAM signal because this provides &high {

achievable rate. The received signab&tis as follows Rooi > Bpt { V20 > (23)

Roa,; < Rpg Y2i < Mp

Y1) = ﬁh%ws’l N (7 Because), < 7,, the above inequality is not true, allowing us
wherez, 1, 7.1 € Sqawm is @ QAM signal representing sec-{0 Say that
ondary information message &T;. The SNR in this case . .
is F(M+1):PT’Y3b/O'2, and the achievable rate B(y;11) = Pr{ Roz,i > Ré)th(M}L%l)li < R, } = 0. (24)
log, (1+Tvy1)) (the pre-log factor is nowt because the 02;i < fipt
secondary transmission uses entire two slots with the cexnpl
transmitting signal). IST; accesses the spectrum in this casé e probability Pr {Roz i < Rpt, Rozi < Rpt} is calculated
the associated achievable rate is denoteR@s, 1) ;, as previ- as follows

ously presented in the subsection III-B.3. Pr {ROQ_Z. < Rpi, Rogsi < Rpt}
D. Outage Performance Analysis = Pr{v2i <7p,72i <np} (25)
In this section, we analyze the outage performance of both =Pr{vs <mnp}

primary and secondary systems with respect to the proposed _1 Mp
method. TP T,
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Assertingp, = exp (—n, /), we have as follows

Pr{|Bi| =0,[Bz| = 0[|A| =m} = (1 —-p2)". (26)

It is straight-forward that the above equality is equal to

Pr{|Bz2| =0]||A| =m}, making Poytp, = Pr{|Bz| =0} as
observed in (18). Therefore, we theoretically find that the p
posed scheme has the same primary outage performance

the conventional schenfeEquation (18) is rewritten as follows

Pout,p = (1 7p1)M

M m
" mz_( W)t ) @

D.2 Secondary Outage Performance

When neither SSA nor PSAO mode is validB{]
05 |BQ|
maxiec {R(m11),:} < R, as already explained in 111-B.3.

The secondary system also unsuccessfully accesses the spec

trum when the PSAO is selected(| = 0, |Bz| # 0). Denot-

ing Pout,s as the secondary outage probability of the propos

scheme, it is calculated as follows

Pout,s = Out,pPr {I?Gacx {R(M+1)z} < Rst}

+ Pr{|Bi| =0, |B:| # 0}. (28)
The probability Pr {max;cc { R(rr41),:} < Rs} is the sec-
ondary outage probability with respect to the use of QAM
both of two time slots.

Pr {HileaCX {R(M+1),i} < Rst}
=Pr {nzgleacx {Cr41),i} <5st}
=Pr {lf?cx {3} < ﬁst}
=(1-p3)"

whereny = 02ps /Py, psy = 27 — 1. The termp; is ex-
pressed as follows

(29)

p3s = Pr{R(a+1),i > Rt}

=Pr{T(ar41),:>Pst (30)

We have

Pr{|Bi| = 0,[B:| # 0} = Pr{[B.| =0}
Pr{[B,[ = 0,|B| = 0}

Pr{|Bi| =0} — Poutp (31)

2The definition of the groupBz in the PCSS and that of the group
(see section V) in the CCSS result in the same group of nodeerefore,
Pr{|Bz2| =0} = Pr{|€| = 0}.

0), the secondary system is in outage when
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wherePr {|B;| = 0} is computed as follows

Pr{|B,[ =0} = Pr{|A] =0}
M
n Z_1< Pr{|Al = m} })(32)

xPr{|B1] =0]|A] =m
Wnﬁ probabilityPr {|B:| = 0||.A| =m} is calculated as fol-
ows

Pri{|B,[ = 0|l A] = m}
H [1 - Pr {ROQ,i > Ryt, Rvs1)2.i > RstH

icA
|A] =m
= H[l = Pr{y2i > My, 73 > st }] (33)
i€ A
|A] =m
ﬁp ﬁst "
=(1- _Ip. _ st
(1o (o (52))
(1

=(1—pg)"

ﬁﬁ]ere ﬁst = UQﬁst/2P7'r ﬁst = 24 — 1 and y2
exp (—7p/Q2)exp (—7/23). Therefore, we have

Pr{|B =0} = (1—p1)"
M
n Z(}@) P = p) (L= )™ (34)
m=1
iBubstitute (31), (29), and (27) into (28), we fifls, s

IV. CCSSSCHEME

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 transmisgion
this method is also based on a two-phase-based transmission
which the transmission from the primary source in the firgtgeh
is as same as that previously presented in the subsectign Ill
According to this method, a group of candidates that selert t
active primary relay is denoted &5 it is formed by the sec-
ondary transmitters which are able to successfully dechde t
primary signal in the first phase as well as allow the primary
receiver to be successful in decoding the primary signahén t
second phase. All of the transmitting signals in this methied
the complex QAM signals.

Here, the received signal &R, as supposing tha$T;
transmitsx,, ; in the second phase, is as same as the ex-
pression in (9). Therefore£ is mathematically defined by
E = {Z |1 <i< M,R;; > Rpt,R()nyL' > Rpt }, where R;; is
the achievable rate of the transmission fré' to R; in the
first phase, as previously definedBs = 1/2 log, (1 4 I';1),
and Ry ; is the achievable rate of the transmission fr&n
to PR in the second phase, as previously presemtgd;, =
1/2 logy (1 + To24), whereToa; = Psvyei/o?. If £ is not an
empty set, a primary relay, denoted3iE,, is then selected as

below
p = argmax;ce {V2i} - (35)
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The selected relagT, calculates the interference constraintvheren,, 1) is the noise abR in two time slots. The achiev-
which is denoted a&,, to limit the maximum interference powerable rate iSR(p+1y) = logy (1 + F(M+1)) where D (y11) =
at the primary receiver in the second phase. Based on the fgt.~;, /52, It should be noted that the factby2 does not ap-

lowing equality, pearinR 41y becaus&T, fully accesses the spectrum in two
phases and its signal is a complex signal (in which both dimen
1 PS")/QP .
510g2 1+ T 1,7) = Ryt . (36) sions are used).
pTo The primary outage probability By, = Pr{& = 0}. The
1, is derived as follows secondary outage performance is expressed as
I, = Psvyap — 2 ppt = 92Rpy _ 1. (37) Pty = Pr{EA = @}PY{R(MH) < Ry}
Ppt + Pr{R(rr41)2 < Rst, R(pr41)1 > Rpt, € # 0}
After ST, is successfully selected, a group of candidates for + Pr{R(ar41)2 < Rst, R(pr+1)1 < Rpt, € # 0} (43)

the secondary source selection, denoted as mathematically _ o

defined byF = {i|i #p,1 <i< M, Py, < I,}, whereP, whereRy; is the secondary transmission 'Farget rate. _

is the power allocated for the secondary signal. Here, the se e can see that the secondary transmitting powgris con--
ondary signal, denoted as, is a QAM signalz, € Sqan. We S'Fr_alned by the condltlo_ﬁ’wgi < I, (which appears in the_ defi-
can see that the constraiht obtains its maximum value whennition of /). Therefore, improving the secondary operating per-
the termy,, is at maximum. Therefore, the selection rule (35prmance by increasing;, is limited. The possibility foSR to
provides the maximum interference constraipt When F is decode secondary message without interference from the pri

not an empty set, the secondary sou@g is selected based onMary transmission occurs only the conditiifn; +1)1 > Rps is
the following rule satisfied. However, in practice, the source usually empiogs

relay to save its transmitting power. Therefore, with a lcans-
b= argmax;c r {73i} - (38) mitting power,P,, the probability for this condition to occur is
fairly low. As a result, the second decoding is highly depesrid
?f the decoding in the case whéfyy;, 1)1 < Rys. In this case,
the decoding is very limited by the interference from therany

Y12 = V Prwshay + v/ Pswp1hap + nargry2. (39) transmission, as seenifyr1)2.

If SR is successful in decoding the primary signal in the first
phase, it cancels the primary signal containedyify )2 by

The received signal &R in the second phase with respect t
the spectrum access 8T, is as given

V. SIMULATION RESULTS AND DISCUSSION

regenerating:, ; as follows In this section, the simulation results are provided to wata

R our work. Here, the primary and secondary transmissiors rate
Ym+1)2 = Ym+1)2 — V PsTp1hsp (40) are set atR,; = 1 (bits/Hz/s) andRs, = 1 (bits/Hz/s). The
=/ Prashs, + a2, Rarsnn > R distance betweeRT andPR is normalized atly = 1. The po-

sitions of nodes are located @i, 0) for PT, (dy,0) for PR,
whereRy41y1 = 1/21ogy (1+ L (mt1)1)- Note thatPs and  (dy,0) for STy, (d1,ds) for SR. dy andd, are thus identified
hs, are known bySR as assumed in [11]. Denotifgy 1), aSda = /dj +d3 anddz = |1 — di|, respectively. The noise
as the SNR atSR with respect to the signaf,s;1),, Variance of all nodes isdn?rrr;alized a$ = 1. The path loss
T _ 2 ; i z _ exponentisv = 4. By default, M is 3, dy is 0.5, d3 is 0.5,
oz = PTZ‘%/U - the achievable rate is thu%_(MH)Q B P,/o? = 2 dB. The transmitting poweP, is here set to be at
1/2 log, (1 + F(M+1)2)- In the case that there is an outagg, value because in practice, the cooperation is usually em
at SR with respect to decoding the primary signal in the firgiloyed to reduce and save the transmitting power of the sourc
phase,y+1)2 is directly used to decode the secondary sig- In Figs. 2 and 3, we evaluate the outage performances of the
nal. The decoding thus tolerates an amount of intel’fel’elmCEpirimary and secondary system with respect to changes iR the
that case. Denoting the signal to interference noise r8iiNR) value, respectively. Here?, /o is set at the value of0 dB.
in this case as’(vi41)2=PF,73u/(Psy3p + 02), the achievable |t is straight-forward that Fig. 2 shows that the primary-out
rate isR(ar41y2 = 1/2 log, (1 + F(MH)Q). age performance of PCSS is same as the CCSS counterpart. It
Let us consider CCSS protocol when th&,, selection is is because the SSA mode of PCSS is only allowed only when
failed (€ = (). In this caseST, is selected among users in thehe primary operating system is protected. The conditinrise
groupC, which is defined by = {i|1 <i < M }, as follows  definition of the grou3; assure the secondary operation in the
SSA mode not to degrading the primary outage performance.
b= argmax;cc {73} - (41) Because the mutual interference is completely avoideden th
The primary transmitter decides to be silent for two phaaks, PCSS, the increase &f. does not contribute any impacts on the
lowing the secondary sour6d’, to fully access the spectrum inPrimary performance. Therefore, the changeBiilo not affect

two phases (first and second phases). The received siggil athe primary outage performance, as shown in Fig. 2. The sec-
is expressed as below ondary outage performance is as depicted in Fig. 3. It isrclea

that PCSS considerably outperforms CCSS. As fhevalue
Ym+1) = V Prashay + ) (42) increases, the secondary performance of CCSS becomes more
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degraded because opportunities for the secondary speattumperformance as that of CCSS. For the secondary outage perfor
cess are limited by the interference constrdptMeanwhile, mance, as shown in Fig. 5, we can see that astivalue de-
the secondary outage probability of our proposed schenig-is sreases, the secondary outage performances of both PCSS and
nificantly lower than CCSS. The pre-log factor of the achidga CCSS become indistinguishable from each other. This can be
rate in the secondary transmission of the SSA mode in the PCGS®lained because in PCSS, the Iy values make the pri-
is 1/4, which is lower than the valug/2 of the counter-part in mary system more probably in outage, and the SSAO mode thus
CCSS. However, in the PCSS, the degradation caused by doeninates the cases of the secondary access. An increase of
low pre-log factor of the secondary achievable rate is compeP; from a low value results in the decrease in the probabilities
sated and much reduced as a result of the use of PAM sigrials{| ;| = 0, |B2] = 0} and Pr {€ = (}}, increasing the sec-
to avoid the mutual interference. This explains the conmaldle ondary outage probability in both schemes. Ashecomes suf-
outperformance of the PCSS as compared to CCSS, in ternfioiently large, PCSS more considerably outperforms the &CS
the secondary outage performance. BAsincreases, PCSS isIn CCSS, increasing’s with sufficiently large values provides
more improved because the spectrum access in PCSS is not limere opportunities for the simultaneous spectrum access- H
ited by any interference constraint. ever, the primary signal is increasingly interfered with thg

The outage performance of the two systems with respectsecondary transmission. As a result, this degrades mucR.SIN
changes inP; is observed in Figs. 4 and 5. Herg, /o> = This thus slightly decreases the secondary outage pratyadfil
10 dB. We see that the PCSS still has the same primary outa@€SS as’; gets larger. Meanwhile, the secondary outage prob-
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ability of PCSS is dramatically decreased/asincreases with |ection rule presented in (35) attempts to maximize therfate
sufficiently large values. This is accounted for becauseérthe gnce constraink,, which then provides the more opportunities
crease ofP; does not cause interference into the secondary gy the secondary spectrum access during the primary tigasm
ceiver while still providing more opportunities for simaiteous gjon. As more nodes are used for the primary relay selection
spectrum access. (M increases)l,,, wherel,, = P,/ ppt — 02, then increases

Figs. 6 and 7 respectively depict the primary and secondaj¥causey.,, is based on the best selection rule (35). However,
outage performance with respect to changes in the numbett# benefits from the increase bf shows a very little improve-
secondary transmitters, respectively. HePg/o®> = P,/0> = ment whenM increases, because the SSA is with the mutual
5 dB. Fig. 6 confirms the same primary outage performanceigterference when the conditioR(yr41)1 < Rpt occurs. As
both schemes. We can see that the PCSS still maintain the sailrgady explained in the last paragraph of the Section Iig, th
degree of the exploitation of the spatial diversity in thiary  condition,R (/1)1 < Ry, dominates the other, the one is with
system. R(pr41)1 > Ryt because, is low in this simulation. It should

In Fig. 7, the degree of the exploitation of the spatial divebe noted that the selection of low valiéfg because in practice,
sity in the secondary system of the PCSS is much improvttk source usually uses the cooperation when it attempééo s
as compared to that of the CCSS. The very limited secondaing transmitting power. The amount of interferengys,, ap-
outage performance in CCSS is explained as follows. The g@aring inl'(\1)2 is notreduced by increasing’. Itis because
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