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An Adaptive Cooperation Diversity Scheme With
Best-Relay Selection in Cognitive Radio Networks

Yulong Zou, Jia Zhu, Baoyu Zheng, and Yu-Dong Yao

Abstract—In this correspondence, an adaptive cooperation diversity
scheme with best-relay selection is proposed for multiple-relay cognitive
radio networks to improve the performance of secondary transmissions
while ensuring the quality of service (QoS) of primary transmissions. Exact
closed-form expressions of the outage probability of secondary transmis-
sions, referred to as secondary outage probability, are derived under the
constraint of satisfying a required outage probability of primary transmis-
sions (primary outage probability) for both the traditional non-cooperation
and the proposed adaptive cooperation schemes over Rayleigh fading
channels. Numerical and simulation results show that, with a guaranteed
primary outage probability, a floor of the secondary outage probability
occurs in high signal-to-noise ratio (SNR) regions. Moreover, the outage
probability floor of the adaptive cooperation scheme is lower than that
of the non-cooperation scenario, which illustrates the advantage of the
proposed scheme. In addition, we generalize the traditional definition of
the diversity gain, which can not be applied directly in cognitive radio
networks since mutual interference between the primary and secondary
users should be considered. We derive the generalized diversity gain and
show that, with a guaranteed primary outage probability, the full diversity
order is achieved using the proposed adaptive cooperation scheme.

Index Terms—Adaptive cooperation diversity, cognitive radio, diversity
gain, outage probability, relay selection.

I. INTRODUCTION

Cognitive radio (CR) is emerging as a promising technology to im-
prove the utilization of wireless spectrum resources [1]. For its imple-
mentation, interference temperature has been proposed [1], [2] as a
metric to quantify and manage the interference in a radio environment.
A secondary user (SU) and a primary user (PU) can access a licensed
spectrum simultaneously as long as the induced interference from SU
to PU is below a threshold, i.e., the quality of service (QoS) of primary
transmissions is not affected [2]. Therefore, the transmit power of SU
is constrained to guarantee the PU’s QoS. However, when the QoS re-
quirement is stringent, very low transmit power level is allowed for SU
and thus the SU’s throughput is limited.

Cooperative diversity [3], emerging as a new spatial diversity
technique, can effectively combat channel fading and enhance the
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throughput. The advantages of such cooperative diversity protocols
proposed in [3]-[6] come at the expense of a reduction in spectral
efficiency since the cooperative relays shall transmit on orthogonal
channels. To overcome the shortcoming of the inefficient spectral
utilization, the relay-selection-based cooperative diversity has been
investigated in [7]-[9], where only the “best” relay is selected to
forward a source node’s signal and thus only two channels (i.e., the
best relay link and direct link) are required regardless of the number of
relays. It has been shown that the cooperative diversity with best-relay
selection can achieve the same diversity-multiplexing tradeoff as
achieved by the traditional cooperation protocols where all relays are
involved in forwarding the source node’s signal [3], [4]. Notice that all
the research papers mentioned above [3]-[9] address the conventional
non-cognitive radio networks.

Cooperation, in general, also has great potential to be used in cog-
nitive radio networks. In [10], the authors have explored the applica-
tion of cooperative diversity to spectrum sensing, and shown that the
sensing performance is improved by exploiting the user cooperation. In
[11], a linear cooperative sensing framework has been proposed based
on the combination of local statistics from individual cognitive users.
In [12] and [13], the authors have considered a secondary transmitter
to act as a relay for primary transmissions. It has been shown that the
secondary link throughput can be improved in certain network topolo-
gies. More recently, papers [14] and [15] have investigated the use of
cooperative relay to assist the fulfillment of heterogeneous traffic de-
mands in a secondary network with an unbalanced spectrum usage.

The main contributions of this correspondence are described as fol-
lows. First, unlike the previous research about relay selection in con-
ventional networks, we investigate the adaptive cooperation diversity
with best-relay selection in cognitive radio networks, where mutual in-
terference between PU and SU are considered. Second, an exact closed-
form expression of the secondary outage probability is derived under
the constraint of satisfying a required primary outage probability. Fi-
nally, we propose a generalized definition of the diversity gain in cog-
nitive radio networks and show that the full diversity is achieved by the
proposed scheme with a primary outage probability constraint.

The remainder of this correspondence can be described as follows.
In Section II, we propose an adaptive cooperation diversity scheme
with best-relay selection for cognitive radio networks, followed by
Section III, where an outage probability analysis is presented for the
proposed scheme along with the numerical evaluations. Section IV
proposes a generalized definition of the diversity gain and illustrates
that, with a guaranteed primary outage probability, the full diversity
order can still be achieved. Finally, in Section V, we provide some
concluding remarks.

II. PROPOSED ADAPTIVE COOPERATION SCHEME IN COGNITIVE
RADIO NETWORKS

A. System Model

Consider a cognitive radio system with the coexistence of primary
and secondary networks, as depicted in Fig. 1. In the primary network,
a primary transmitter (PT) sends data to a primary destination (PD).
Meanwhile, in the secondary network, a secondary transmitter (ST)
transmits its data to a secondary destination (SD) simultaneously with
the primary transmissions over the same channel. Notice that A sec-
ondary relays (SRs) denoted by R = {SR;|i = 1,2,---,M} are
available to assist ST’s data transmissions and the decode-and-forward
protocol is considered throughout this correspondence. As can be ob-
served from Fig. 1(a), primary and secondary networks would affect
each other. In order to guarantee the QoS of primary transmissions, the
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Fig. 1. (a) Cognitive radio system with coexistence of primary and secondary
networks; (b) illustration of the transmission process for the proposed adaptive
cooperation with best-relay selection.

transmit power of ST should be limited for reducing the interference to
PD.

Fig. 1(b) illustrates the transmission process of the proposed adap-
tive cooperation scheme, where each time slot is divided into two half
subtime-slots (subphases). In the first subphase, ST sends (broadcasts)
its signal to SRs and SD. Then, all SRs attempt to decode the ST’s
signal and those SRs which decode successfully constitute a set D, re-
ferred to as a decoding set. Accordingly, the sample space of all the
possible decoding sets can be written as

QO={0UD,,, m=12---.2" -1} 1)
where U represents an union operation, () is an empty set, and D,,, is
a non-empty subcollection of the M secondary relays. In the second
subphase, if the decoding set (D) is not empty, the “best” relay
(see Section II-B) chosen within the decoding set will forward its
decoded result to SD. If D is empty, i.e., no relay is able to decode
the ST’s signal successfully, ST will repeat the transmission of the
original signal to SD through the direct link. Finally, SD combines
the two copies of the received signals using the maximum ratio com-
bining (MRC) method, and gives an estimation of the original signal
after a maximum likelihood decision (MLD). Notice that in order to
satisfy the primary QoS requirement, the transmit power of both the
ST and the best SR shall be limited.

Assume that PT transmits signal z,, (E[|z,|?] = 1) to PD with a
fixed power Ppr and data rate I?,, in time slot k and, in the meantime,
ST intends to reuse this time slot to transmit its signal @5 (E[|;]*] =
1) to SD with power PsT and data rate R,. The channels are modeled
as Rayleigh fading that is invariant during one time slot. We assume
that a SU (i.e., ST and SR) has the knowledge of the average (not in-
stantaneous) channel gains of the link from itself to PD and the link
from PT to PD. This is because that a general secondary network is
typically not coordinated with the primary network and no dedicated
feedback channel is available from a primary user to a secondary user,
resulting in that the instantaneous channel gains of PUs are unavailable
ata SU. However, the average channel gains of PUs can be estimated at
the SU, since they are relatively stable and relate to the system param-
eters only, such as the transmission distance, transmit/receive antenna
gain, wavelength of electromagnetic wave, and so on. In addition, we
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assume that a SR has the knowledge of the instantaneous channel gain
of the link from itself to the SD, which is possible due to the fact that
both SR and SD are within the same system with a possibly dedicated
feedback channel. Thus, the received signal at SD during time slot k
can be expressed as

ysp = VFPsthst—spxs + VPprhpr_spxp + nsp )
where the time index % is dropped for notational convenience, hst—sp
and hpt—sn are the fading coefficients of the channel from ST to SD
and that from PT to SD, respectively, and nsp is an additive white
Gaussian noise (AWGN) with zero mean and power spectral density

No. Meanwhile, the received signal at PD can be expressed as

ypp = VPprher—ppr, + vV FPsrhst—pp2s + npD 3)
where hpr_pp and hsT—pn are the fading coefficients of the channel
from PT to PD and that from ST to PD, respectively, and npp is an
AWGN with zero mean and power spectral density No. Throughout this
correspondence, we use outage probability performance to quantify the
QoS of primary transmissions [17]. Specifically, the outage probability
of primary transmissions (primary outage probability) shall be guaran-
teed to be below a predefined threshold Poutp.; .. Hence, following
(3), we can calculate the primary outage probability [3], [4] as

Per|hpr—pp|*
Pst|hst—pD|? + No

Poutp,ij=Pr (log2 (1 + ) < Rp) <Poutpyi Thr-

“

Notice that random variables (RVs) x |[hpr—pp|® and
y = |hsr—pp|* follow the exponential distributions with pa-
rameters 1/031_pp and 1/031_pp, respectively, where op1_pp
and o21_pp are the fading variances of the channel from PT to PD
and that from ST to PD, respectively. Thus, from (4), using the joint
probability density function (PDF) of RVs x and y, we have

// 1
2 2
Opr—pp931-PD

YpTZ—YsTYO <O

x y
X exp | ——; - =
I9pr—PD  93T-PD

exp (—

where © = 27 — 1, and vp1 = Per/No and ys1 = Fst/No
are regarded as the transmit signal-to-noise ratio (SNR) at PT and ST,
respectively. Substituting Poutp,; from the preceding equation into (4)
yields

Poutp,; =

) dxdy

2
YPTOPT—PD S} )
p 2
YPTOpT-_PD

=1- - -
51081 _ppO+IPT0ET_pp

2
opr_pppT
S——F&—

Psy o
I3T—PD

C]
g 2 3
pT-PDPT

)1 o

Asisevident from (5), if Poutpyi rnr < 1 —exp(—((-)/aﬁT,powT))
occurs due to large-scale propagation losses of the primary channels,
the secondary transmit power P51 should be set to zero, which implies
that the primary channel is unavailable for the secondary transmitter
which needs to seek another transmission opportunity. In this corre-
spondence, we focus on investigating the effect of adaptive cooperation
diversity in cognitive radio networks without detailed considerations of

1
X exp [ —
1 — Poutpri, rhe (
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any adaptive power control schemes [16]. Hence, without loss of gener-
ality, we adopt a static method to control the ST’s transmit power, i.e.,
ST utilizes the maximum average power allowed to transmit its data,
ie.,

2
op1_pp Pl

Por = PEP4DPTP+ (©6)
o5r_pp®

where p™ = max(p,0) and p = (1/(1 — Poutps Thr)
x exp(—(©/odr_ppyrT)) — 1. The reasons for using an av-
erage channel gain based power control approach are twofold. First,
ST is typically unable to obtain the instantaneous channel gains (also
called instantaneous fading) of PUs, since a general secondary network
is not coordinated with the primary network and no dedicated channel
is available for such channel information feedback from a primary user
to a secondary user. In contrast to the fast variation of instantaneous
fading, the average channel gains of PUs are relatively stable and can
be estimated at the SU, which can save the feedback channel resources.
Second, compared with an instantaneous fading based power control
algorithm, the benefit of the proposed power control approach using
average channel gains as given by (6) is that it allows power allocation
to be performed on the far longer time scale of log-normal shadowing
instead of the time scale of Rayleigh fading [17]. Moreover, in some
practical communication scenarios with high terminal speed [17],
the channel varies rapidly and undergoes fast fading. In such a case,
it is difficult to estimate the instantaneous fading states and, most
importantly, more channel resources are needed for the fast fading
state feedback.

B. Proposed Adaptive Cooperation With Best-Relay Selection

This subsection focuses on the best-relay selection issue in cogni-
tive radio networks. Presently, in [7]-[9], the authors investigated the
best-relay selection in traditional non-cognitive radio networks, where
the relay selection criteria only consider the channel state informa-
tion (CSI) of the two-hop relaying link from source via relay to des-
tination. However, we attempt to explore the adaptive cooperation di-
versity with best-relay selection in cognitive radio networks, in which
the best-relay selection considers not only the CSI of two-hop relaying
link, but also the condition of the link from secondary relay to primary
destination. This is due to the fact that in cognitive radio networks,
the interference from secondary relay to primary destination shall be
limited to satisfy a given primary QoS requirement. Thus, the channel
condition of the link from SR to PD should be taken into account for
the best-relay selection, in addition to the two-hop relaying link condi-
tion.

As has been discussed in Section II-A, each transmission process of
the adaptive cooperation scheme is divided into two half subphases. In
the first subphase of time slot %, the received signal at the candidate
relay SR; and SD are expressed as

ysr, (k,1) =V Psthst—sr,¢s + VPprhepr_sr,2p + nsr, (7)
ysn(k,1) =V Psthst—spas + vV Perherr—snt, + nsp ®)

where Pst is given by (6), hst—_sr, and hpr_sr, are the fading co-
efficients of the channel from ST to SR; and that from PT to SR;,
respectively. Here, we assume that to meet a required primary outage
probability, the SUs including both the secondary transmitter and sec-
ondary relays should guarantee that the outage probability perceived
by the primary destination in each subphase satisfies the same outage
probability constraint Poutp.; .. In the second subphase, there are
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two possible cases for the data transmission depending on whether the
decoding set (D) is empty or not. For simplicity, let D = ) represent
the first case of an empty decoding set and D = D,,, correspond to the
other case, where D, is a non-empty subcollection of all A secondary
relays.
e Case D = {): This case corresponds to all the candidate relays
failing to decode the ST’s signal, which is indicated by the fol-
lowing event (in an information-theoretic sense),

1
§log2 <1—|—

where the factor 1/2 in the front of log-function is due to the fact
that two channels (i.e., two half subtime-slots) are needed to com-
plete each transmission. In this case, ST will repeat the transmis-
sion of the original signal x, through the direct link. Thus, in the
second subphase of time slot k, the received signal at SD can be
expressed as

Psr |hst—sm, |
5T | s SF%27| i ><Rs,
Per |hpr—sr,;|”+No
i€ {1,2,---, M)

(C)]

yso(k,2|D=0)=v Psrhst—spxs

+ vV Pprhrr_spnx, + nsn. (10)

Combining (8) and (10) with MRC, we can obtain the corre-
sponding received signal-to-interference-and-noise ratio (SINR)
at SD as

2Pst|hst—sp|*
Per|hpr—sp|? + No

SINRSD(D = @) = (1 1)

where Psr is given in (6).
e Case D = D,,: This case corresponds to the relays in decoding
set D,,, being able to decode the ST’s signal successfully, i.e.,

1 Pst |hst—sk,|?
‘_10g2< ST| ST SP;| . >>Rs, ieD,,
2 Per |hpr—sr,| +No
Por | her—on | _
Lo, [ 14— s 5“;' — |<R., jeD. (12
2 Ppr ’hPTstj| + No
where D,, = R — D,,, denotes the complementary set of D,,

and P is given by (6). Without loss of generality, consider that
a candidate relay SR; € D,, is selected to forward its correctly
decoded result. Hence, the received signal at SD in the second
subphase can be written as

ysp(k,2|D = Dy,) = \/Psr; hsr;—sp s
+vVPorher-spxp, +nsp (13)

where FPsgr, is the transmit power of the selected SR, which is
found as
2
opT—pD PPT
Psp, = —5 22— )t

i

- (14)
Uiﬁﬁku@
Therefore, given that case D = D,, has occurred and the can-

didate relay SR; is selected, we can calculate the corresponding
received SINR at SD by combining (8) and (13) with MRC as

Psrlhst—sp|*
Ppr|hpr—sp|? + No

Psi, |hsr,—sp|
Perlhpr—sp|> + No”

SINRSD(D =D, SRi) =

15)
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In general, the relay, which can successfully decode the ST’s
signal and can achieve the highest received SINR at SD, is viewed
as the “best” one. As a consequence, the best-relay selection
criterion can be written as

arg max SINRsp (D = D,,,SR;)

Best relay =
1€ED

|hsk,—sD |2

(16)

arg max

‘€Dm  OSR,_PD

which shows that the proposed best-relay selection criterion takes
into account not only the two-hop relaying link condition, but also
the condition of the link from secondary relay to primary destina-
tion, differing from [7]-[9] where only the two-hop relaying link
condition is used for best-relay selection. It is pointed out that
using the best-relay selection criterion as shown in (16), we are
able to further develop a specific relay selection algorithm in a
centralized or distributed approach. More specifically, for a cen-
tralized relay selection, the secondary source node should main-
tain a table that consists of all the secondary relays and the re-
lated channel information (i.e., |hsr; —sD |Z and aéni,pD). After
that, the best relay can be easily determined by looking up the
table using the proposed criterion. Such an approach is called
centralized relay selection strategy. For a distributed relay selec-
tion, each secondary relay should maintain a timer [7] and set
an initial value of the timer in inverse proportional to the term
|hsr; —sD |2/0'§Rq.,pD as given in (16), resulting in the best relay
with the smallest initial value for its timer. Therefore, the best
relay exhausts its timer earliest compared with the other relays,
and then broadcasts a control packet to notify the source node and
other relays [7].

III. OUTAGE ANALYSIS OF THE PROPOSED SCHEME OVER
RAYLEIGH FADING CHANNELS

In this section, we analyze the outage probability performance for
the adaptive cooperation diversity scheme. For the purpose of compar-
ison, let us consider first the traditional non-cooperative transmission
scheme. From (2), we can calculate the outage probability of secondary
transmissions (secondary outage probability) for the non-cooperation
scheme as

|hsT—s1|* V8T

| < Ry ). (17
|}LP'1‘7SJ_)|2")"P'1‘+1) ) an

Notice that RVs |hst—sp | and |hpt—sp|? follow the exponential dis-
tributions with parameters 1/031_<p and 1/0f1_sp, respectively.
Solving the probability integral in (17) yields

Poutgirect = Pr <log2 <1 +

2 .
0ST—SDIST

Pou Ldirect — 1-—
2 P 2 A :5
O-\A‘Tst s + JPTf\"‘D b

A

Xexp | —————
< Tér_sp ST

> (18)
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where A = 28 — 1. Following (6) and (18) and considering yp1r —
400, we obtain (19), shown at the bottom of the page. As can be ob-
served from (19), the outage probability becomes a non-zero constant
as the transmit SNR ~p approaches to infinity, i.e., an outage proba-
bility floor occurs. This is due to the fact that when the transmit SNR
~vpT is high, the interference from PT becomes the dominant factor
to induce an outage event in secondary channels. Therefore, in high
~pT regions, it is not feasible to improve the outage probability perfor-
mance through increasing the transmit power, which also motivates us
to explore approaches to reduce the outage probability floor. In what
follows, we focus on the outage analysis for the proposed adaptive co-
operation scheme.

» Case D = (): Following (10), the occurrence probability of case

J%T_SRi’)"ST + J%T_SRiw/PTz\

D = () is given by
<1 -
A
 exp (_>> 0)
0S1—8R,; /ST

where A = 227 — 1, 451 = Pst/No and Psr is given by (6).
Clearly, given that case D = () has occurred, it is shown from (11)
that the conditional secondary outage probability for the proposed
adaptive cooperation scheme is given by

M

Pr(D=0) =[]

=1

2 i
JST—SR; /ST

202 'S
ST—SDIST

2 <1 + 032 .
20—5'1‘73 )")51 JP'l‘fsJ_)f)PlA

A
p|l—5——"/. (21l
e < 2087 _sp7sT > @D

e Case D = D,,: From (14), the occurrence probability of case
D = D,, can be found as

Pr(outage|D =0) =1 —

2
OST—SR,; /ST
Pr(D=D,,)= || 5 - 5 \
icD,, 7ST—sRr; /ST + 0pr_sr; 1PT!
m

o A
exp| ————-——
0-5'1‘7SRi s

xH[l—

JEDm
A
X exp | ————— || - (22)
TST—8R; IS8T

Given that case D = D,,, has occurred, the conditional secondary
outage probability of the adaptive cooperation can be calculated
as

2
IST—8R; ST

2 - 2 —
TST—8R; IST + ‘TPT—SR,JWPTA

Pr(outage|D = D,,) = Pr <% log, [1

+ max SINRsn(D = D, SR,‘)} < R,q> 23)

2 2
opr—sp0sr—ppAO(L — POUtPri,Thr)

lim Poutdirect =

Poutdirecb JMoor =
YpT—+0

P 2 2 - 2 2 )
opr_sn03r_ppAO(1 — Poutpri The) + 031_sp0pr_pploutpr The

19
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where SINRsp (D = D, SR;) is given in (15). Using the results
of Appendix A, we are able to obtain from the preceding equation
as

Pl‘(outag6|D = Dm) = AAm + Bm (24)

where the terms A,,, and B,,, are given by

ol Pmll 1

Ap=T+ >

n=1

(_1)H5'm(")||r

1+ ‘Tf"l‘fsu'r’P'l“I’Sm(n)

exp (—‘I/sm (n) )

(25)
and

Bm, = (1 - r) 1- eXp (_2#)
IST-sDIST
2l DIl 4
+ (_1‘)||*‘3'm(")H<I>Sm(n) (26)
n=1
where T = opr_spAyer/(0pr_spAyer + 0dr_spisT),

¥s, (n) = Ziesm(n)(1’\/0531,5,)7’5111,), and ®g, (») is given
by (27), shown at the bottom of the page, where || D || is the
number of elements in the decoding set D,, and S,,(n) is the
nth non-empty subcollection of the elements in D,,,. Using the
total probability law, we can easily obtain an exact expression
of the secondary outage probability for the proposed adaptive
cooperation scheme as

Poutmu = Pr(D = §) Pr(outage|D = 0)
2M_
+ Z Pr(D = D,,) Pr(outage|D = D,,) (28)

m=1

where Pr(D = 0), Pr(outage|D = 0), Pr(D = D,,) and
Pr(outage|D = D,,) are given by (20), (21), (22), and (24),
respectively.

Fig. 2 shows the secondary outage probability versus the transmit
SNR ~pr of the non-cooperation and the adaptive cooperation
schemes, where the lines are plotted by using (18) and (28). Also,
the computer simulation results are illustrated in the figure. It can
be seen from Fig. 2 that there is a cutoff point for the transmit SNR
YPT, i.e., if ypT is smaller than a cutoff value (i.e., Yeutor = 10 dB),
the secondary outage probability equals one, which means that no
secondary transmission is allowed. Notice that the cutoff values of
the transmit SNR ~pT for both the non-cooperation and the adaptive
cooperation schemes are identical, which is due to the fact that we only
consider the non-cooperation scenario for primary transmissions. In
the case that only the non-cooperation approach is used for the primary
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transmit SNR ypr with a guaranteed primary outage probability threshold
Poutp,i rhr = 0.03, primary data rate B, = 0.4 bits/s/Hz, secondary data
rate R, = 0.2 bits/s/Hz, 03+ _pp = 031_sp = 031_sr, = O&r,_sp = 1,

2 2 _ 2 — 2 L
0pr_sp = O3r_pp = 0.1,and 03 _gp, = 0Sr, _pp =

transmissions, the allowable secondary transmit power for the adap-
tive cooperation scheme is the same as that for the non-cooperation
scheme. One can observe from (5) that the cutoff value of the transmit
SNR ~vpt depends on various factors such as the primary outage
probability requirement, the primary data rate, and the channel gain
from primary transmitter to primary destination. Typically, the cutoff
value of the transmit SNR ~pr can be reduced through improving
the primary outage probability by using an advanced transmission
technique (such as, MIMO, cooperative diversity and so on) for the
primary communications.

From Fig. 2, one can observe that an outage probability floor occurs
in high yp7 regions, which is due to the fact that when the transmit
SNR ~pr is high, the interference from the primary transmissions be-
comes the dominant factor to induce a channel outage. Moreover, the
outage probability floor of the adaptive cooperation scheme is lower
than that of the non-cooperation scheme, which illustrates the advan-
tage of the proposed scheme. It is also shown from Fig. 2 that, with a
guaranteed primary outage probability threshold Poutpy the = 0.03,
the secondary outage probability of the adaptive cooperation scheme is
improved as the number of the secondary relays increases. In addition,
the simulation results match the analytical results very well.

In Fig. 3, we plot (18) and (28) as a function of the primary outage
probability for both the non-cooperation and the adaptive cooperation
schemes. Fig. 3 shows that there is a cutoff point for the primary outage
probability, i.e., if the primary outage probability requirement is so
stringent below a cutoff value, no secondary transmissions would be

A
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Fig. 3. Secondary outage probability versus primary outage probability of
the non-cooperation and adaptive cooperation schemes with a primary data
rate R, = 0.4 bits/s/Hz, secondary data rate R, = 0.2 bits/s/Hz, transmit
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allowed. Similar to Fig. 2, the cutoff value of the primary outage prob-
ability for the non-cooperation is the same as that for the adaptive
cooperation scheme, as only the non-cooperation scenario is consid-
ered for the primary transmissions. Furthermore, Fig. 3 illustrates that
the secondary outage probability performance is improved as the pri-
mary QoS requirement loosens and, moreover, the adaptive coopera-
tion scheme outperforms the non-cooperation scheme in terms of the
secondary outage probability with a guaranteed primary outage prob-
ability. Notice that in Figs. 2 and 3, the mutual interference gains be-
tween primary and secondary users are assumed to be relatively small
values (i.e., 0.1 and 0.2). With a required primary outage probability,
the secondary outage performance will be degraded as the interference
gains increase.

IV. GENERALIZED DIVERSITY GAIN OF THE ADAPTIVE
COOPERATION SCHEME

In this section, we focus on the diversity gain analysis for the pro-
posed adaptive cooperation scheme. As known in [18], the traditional
diversity gain is defined as d = — SNIllim+ log P.(SNR)/log SNR,

where no interference is taken into account. Hence, it is not appropriate
to apply the traditional definition directly in cognitive radio networks
since mutual interference between PU and SU should be considered.
Following the traditional definition of the diversity gain, we analo-
gously define a generalized diversity gain as an asymptotic ratio of
the secondary outage probability floor to the interference gain o3t _pp
with 31 _ 1, — 0, which is used to show the improvement of the sec-
ondary outage probability floor with an increasing number of the sec-
ondary relays. Accordingly, following (19), the generalized diversity
gain of the non-cooperative transmission can be given by

log(Poutdirect fioor )

=1
log (737 _pp)

lim
o2 —0
ST—PD

ddirect =

(29)

It is known that the interference from a SU transmitter to a PU re-
ceiver can approach to zero if this interference is mitigated as much as
possible when the secondary system utilizes an advanced signal pro-
cessing technique, such as beam forming. On the other hand, an inter-
ference cancellation approach may be employed at the SU receiver to
reduce the interference from a PU transmitter, which, however, can not
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be cancelled out perfectly, i.e., the secondary outage probability floor
will not be eliminated completely. Nevertheless, if the SU receiver has
the ability to reduce such an interference so that it approaches to zero,
the generalized diversity gain can be defined as an asymptotic ratio of
the secondary outage probability floor to the interference gain 731 _sp
with 62+_sp — 0, for which the same performance characteristic can
be obtained. Moreover, if the SU receiver is assumed to perfectly cancel
out the interference from the PU transmitter, we can use the traditional
definition to analyze the diversity gain achieved by the proposed adap-
tive cooperation scheme in cognitive radio networks. Similar to (29),
the diversity gain of the proposed adaptive cooperation scheme is de-
fined as

. ! P tmu 1, floor
lim og(Poutmuii foor)

o3r_pp—0 log (Ug'l‘ft’l_))

(30)

dmulti =

where the term Poutmuiti aoor is the result of Poutmu as ypr —
400, leading to

Poutmuiti loor = lim  Pr(D = () Pr(outage|D = 0)
' YpT —+00
oM _q
+ lim Pr(D = D,,)Pr(outage|D = D,,). (31
Z L Jim P ) Pr(outage| ). (3D

By combining (20) and (21) and considering o3 _p;, — 0, the first
term at the right-hand side of the preceding equation is given by

opp_sp&™M T
lim Pr(D = 0)Pr(outage|D =) = —————
ypT—+o0 2051_sp
M52 M1 M1
PT—SR; 2 M 2 M
——— - (05r—pD) + O (s51—pD) (32)
=1 IST—sR,

where { = 1\@(1 — P()utp,-LThr)/(O'f)T,PDPoutPﬂ’T},r) and O()
represents the high order terms. Besides, the second term at the right-
hand side of (31) can be rewritten as

1im+ Pr(D=D,,) Pr(outage|D=D.,,)
YpT—+o0
= lim Pr(D=D,) lim Pr(outage|D=D,,). (33)
ypT —+0o0 ypT —+o0

lim

Letting 02 _pp, — 0, the term
YpT—+00

Pr(D = D,,)in(33) canbe

easily calculated from (22) as

2
B TBr_sh.
Pr(D = D) = 7] | | _PT=5Ry

JED,

L))”Dm” +0 (Ug'l‘fPD)“Dm“ ]

lim

Ypr—+oo JéTstj

x (o581 _p (34)

Following (23), the second term at the right-hand side of (33) can be
expressed as

lim
YpT—+0

Pr(outage|D = Dy,)
0

= lim
YpT—+00

/ :
2 2 e
Tpr_spAVPT + 031 _gp ST

—oo
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where the parameter

= H [1 —exp(—((A — 2)/03r, _spIsr,))]-

i€Dm

Hence, considering o3t_pp — 0, (35) is derived as

lim  Pr(outage|D = D)
ypT—+00
: 1Dm[1+1
(oB7_sDE) | D ! Usr;—PD | o 1D |I+1
= 2 H 2 : (051* D)
93T-sD D, PSR;—SD
2 1D m |41
+0O (s5r-rp) (36)
where Jsr;—pPp = aénz,pD/aéT,pD is associated with the link
quality only. Substituting (34) and (36) into (33) yields
lim Pr(D = D,,)Pr(outage|D = D,,)
YpT —+o0
D ll4+1 o0
_ (U%T—SD)” ! fw-H ||Dm||!
T3 _sn
2
ﬁSRi—PD OPT—_SR; 5 M+1
X H PR 0271 : (0'5'1‘&’1))
i€D,, TSRi=SD ;h  IST-SR,
b M+1
+0 (o8r_pp) - (37)

As shown in (32) and (37), each term in (31) behaves as
(03r_pp)™+", thus Poutmuls; goor also behaves as (o2r_pp) M+,
i.e., the secondary outage probability floor decreases in M + 1 power
of the interference gain. Substituting (32) and (37) into (30) yields

dou1s = M + 1. (38)

To illustrate the diversity gain analysis, we plot (28) and (31)
as a function of the transmit SNR vpt and the interference level
1/031_pp. Fig. 4 shows that, in high SNR and low interference level
regions, the diversity order curves approach to the corresponding exact
outage probability results.

V. CONCLUSION

This correspondence demonstrated that cooperative diversity pro-
vides an effective approach to improve the transmission performance of
the secondary user while ensuring the QoS of the primary user. We have
proposed an adaptive cooperation diversity scheme with best-relay se-
lection in multiple-relay cognitive radio networks, and derived an exact
closed-form expression of the secondary outage probability under the
constraint of satisfying a required primary outage probability. Further-
more, we have generalized the traditional definition of the diversity
gain and shown that the full diversity order is achieved by the proposed
adaptive cooperation scheme.

APPENDIX A
CALCULATION OF (23)

Substituting SNRsp (D = D,,) from (15) into (23) gives

Pr(outage|D=D,, )= Pr{ %%X vsr, [hsr, —sp (k) |2< A=z

m
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Fig. 4. Tllustration of the diversity gain achieved by the non-cooperation and
the adaptive cooperation schemes with a guaranteed primary outage probability
threshold Poutp,; rn, = 0.01, primary data rate R, = 0.4 bits/s/Hz, sec-
ondary data rate 12 = 0.2bits/s/Hz, 031_pp = 03r_gp = O3p_sgr, =
UéRi—SD =1, J%'I‘,SD = U?"I‘—SRZ' = 0.1 and ﬂSRi,pD =1.

= = 22Rs

where ~sRr; Pswr, /No, A — 1 and 2 =
’}"STthT—SD (k‘)|2 — A’)’PT|hPT_g]‘)(l~8)|2. Notice that RVs
|hsr—sp(B)[* and |hpr—sp(k)|* follow exponential distribution
with the parameters 1/¢31_gp and 1/031_sp, respectively. Hence,
the probability density function of RV x can be given by

1 x
exp| ———%—— x>0
73r—sp7STHo B _gpAIPT p< T3T_spIST )’ -

fle)=

x<0.
(A2)

1 T
exp
Pl " 3 = 3 s 5
opr_spMPTHOST_gp7sST (JPT—SDA 'PT)

Thus, (A1) can be calculated as

Pr(outage|D = D)
A

= / H Pr ['ngi |hsn,1._gr)(k)|2 <A - 1?] f(z)dz

i€D,,

—o0

= AAm + B (A3)

where the terms A,,, and B,, are given by

0

, P T
Ay = 5 e 5 —exp | — = dx
J Opr_spApr + 05 _gpsT Opr_spdypPr
(A4)
and
A
v x
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wherein the parameter ¢ is given by

A—=x
Y= H 1 —exp —241
€D, ISR, —sD VSR,

2llDmll

=14+ (_1)”5711(")” exp
1

A -2
> o

i€5m(n) CSRi—SD VSR
(A6)

n=—

where | D,,, | is the number of the elements of the decoding set D,,, and
S (n) is the nth non-empty subcollection of the elements of D,,, . Note
that we have used the binomial expansion to obtain the second equation
in (A6). Substituting ) from (A6) into the term A,, and solving the
integral, we have

2l Dm |l —1

A, =T+ Z

n=1

(_1)\\Sm(n)llp
I+ U%’T*SDWPT\IISWL(")

eXp (_\Ilsm(n))

(A7)
where I' = U%TstA’)’T’T/(J%’Tstx'\ﬂTT + ‘TéTst’YST) and
Uy () = Ziesm(n)(A/J%Hi_gnwggi). Similarly, substituting 1
from (A6) into the term B,,, we can obtain

B, =(1-T) |1—exp (—%)
T3T-sDIST

2llDmll

+ Z (_1)\\5nw(”)||q)sm(n) (A8)
n=1

where the parameter @, (,,) is calculated as (27).
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