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Abstract.  In this paper, we investigate the outage per-
formance of dual-hop multiuser multi-relay cognitive ra-
dio networks under spectrum sharing constraints. Using
an efficient relay-destination selection scheme, the exact and
asymptotic closed-form expressions for the outage proba-
bility are derived. From these expressions it is indicated
that the achieved diversity order is only determined by the
number of secondary user (SU) relays and destinations, and
equals to M+ N (where M and N are the number of desti-
nation nodes and relay nodes, respectively). Further, we find
that the coding gain of the SU network will be affected by the
interference threshold I at the primary user (PU) receiver.
Specifically, as the increases of the interference threshold,
the coding gain of the considered network approaches to that
of the multiuser multi-relay system in the non-cognitive net-
work. Finally, our study is corroborated by representative
numerical examples.
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1. Introduction

Recently, due to the ability to alleviate the spectrum
shortage problem spectrum sharing cognitive radio has re-
ceived much interests [1]. In spectrum sharing networks, the
secondary users (SUs) are authorized to have a concurrent
transmission with primary user (PU) as long as the gener-
ated interference is below an interference temperature toler-
ated by the primary system. In order to extend the coverage
of secondary transmission and enhance system performance
in spectrum sharing cognitive networks, cooperative relay-
ing techniques can be further exploited. The performance
of decode-and-forward (DF) and amplify-and-forward (AF)
relaying in spectrum sharing network is widely investigated
in the literature [2], [3]. However, all these prior works only
consider a single SU user.

Moreover, multiuser diversity (MUD) has attracted sig-
nificant attention in non-cognitive cooperative networks. In
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[4], Sun et al. proposed a joint source-relay selection scheme
to select the best source-relay pair to access the channel. Fur-
thermore, Ding et al. [5] proposed a source-relay selection
scheme with lower system complexity compared to [4] and
achieved the same diversity order. Recently, there were also
several works to study the multiuser diversity in spectrum
sharing cognitive relaying networks. In [6], the impact of
multiuser diversity on the performance of SUs in DF spec-
trum sharing systems over Nakagami-m fading channels was
investigated, while the system only consider a single SU re-
lay and the multi-relay cooperative diversity could not be
achieved. Combing multiuser diversity and multi-relay co-
operative diversity, the authors of [7] analyzed the outage
performance of the multiuser multi-relay networks using an
efficient relay-destination selection scheme. However, the
theoretical analysis in [7, Eq.(10)] assumes that the interfer-
ence links from SU relays to primary destination are identi-
cal. As we known, there are multiple SU relays to primary
destination and the interference links should not be identical
due to the different locations of the secondary relays. How-
ever, the theoretical analysis in [7, Eq.(10)] assuming that
the the interference links are identical, based on which the
analysis of the system model is simplified. Such that, the
derived closed-form expression in [7] is appropriate.

In this manuscript, we investigate the performance of
multiuser multi-relay spectrum sharing cognitive networks
with one SU source and M users and N relays in presence
of primary receiver and considering both interference and
peak power constraints on the SU networks. The exact and
asymptotic outage performance are analyzed using the effi-
cient relay-destination selection scheme. Specially, the con-
tributions of this paper are summarized as follows:

1) We present a general analysis of the multiuser multi-
relay spectrum sharing cognitive network using the efficient
relay-destination selection scheme. Different to that in [7],
the interference links from SU relays to primary destination
are assumed to be not identical in our analysis. Moreover,
we derive the generally exact closed-form expression for
the outage probability compared to that in [7], which indi-
cates that the result of [7, Eq.(10)] is the appropriate of our
achieved exact closed-form expression for the outage proba-
bility.

2) Since the exact analysis is too complicated to ren-
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der insight on the impact of the interference threshold and
the number of the relays and users, the asymptotic analysis
is investigated to indicate that the diversity order is M + N,
which reveals that the diversity order is only affected by the
number of SU relays and destinations. Moreover, we find
that the interference threshold at PU receiver will affect the
coding gain of the considered network. Specifically, as the
increases of the interference threshold, the coding gain of
the considered network will approach to that of the multiuser
multi-relay system in the non-cognitive network.

3) In special cases, we further analyze the outage per-
formance of the multi-user multi-relay networks based on
the efficient relay-destination selection scheme without in-
terference threshold. Moreover, we demonstrate the outage
performance analysis in [5] for non-cognitive networks can
be the special cases of our works without interference con-
straint. Finally, simulation results are presented to demon-
strate the validity of our theoretical analysis.

2. System Model

We consider a spectrum sharing cognitive relay net-
work, where the secondary network consists of one
source S—S, N relays S—R,(n=1,...,N), and M users
S—D,,(m=1,...,M), whereas the primary network con-
sists of a source P—Tx and a receiver P—Rx and all
receivers are affected by additive white Gaussian noise
(AWGN) which has zero mean and equal variance (Np). The
P — Tx transmitter is assumed to be far away from the SU
nodes so that it does not interfere on the selection process of
the relay and destination nodes. An example of such system
is shown in Fig. 1. Each node is equipped with a single-
antenna device and operates in a half-duplex mode. For the
secondary network, the channels are mutually independent
flat Rayleigh fading and we denote hg7 as the coefficients
of the channels between the node K and the node 7. And
|hgT \2 is an exponentially distributed random with variance
AKT o< d,;?, where dgr is the distance between node K and
node 7', and p is the path loss factor.

PU receiver
PU Base tk‘g
9
&

/ g

PU Network

SU Base

Fig. 1. An example of the considered system. The lines between
any two nodes represent the communication links. In this
example, the scheduler selects user 1 to access the chan-
nel with the help of relay 2 in SU network.
Under the wunderlay paradigm, S—S and
S—R,(n=1,...,N) are allowed to use the same frequency
as the primary system if the interference generated on P — Rx

remains below the interference threshold 7, which is the
maximum interference powers tolerable at P — Rx. Thus, the
transmit power of S—S and S—R,, (n = 1,...,N) must satisfy
Ps < min(I/|hsp|*,P) and P, < min(I/|hg,p|?,P), respec-
tively, where P is the maximum transmit power constraint of
source and relays.

More specifically, the best SU destination D* is first
selected based on the direct links, i.e., D* = argmax [Ysp,,|,
m

where Ysp,, = min(I/|hsp|*,P)|hsp, |*/No is the instanta-
neous SNR between the S—S and the mth user S—D,,.
Secondly, the relay selection process is performed to
chose the best relay R* = arg max [min [Ysg, ,Yr,D*]], where

Ysr, = min(I/|hsp|?, P)|hsg,|*/No is the instantaneous SNR
between the S—S and the nth relay S—R,, Yr,p+ =
min(7/|hg,p|?, P)|hg,p|*/No is the instantaneous SNR be-
tween the nth relay S—R,, and the best user S—D*.

For DF protocol, using selection combining (SC)
scheme, the achieved system SNR at the destination can be
expressed as

Y2, = max |max ysp, ], max [min [yse, Ve, )] |- (D

From (1), the max-min scheme chooses the relay node
and the destination node for the multiuser multi-relay spec-
trum sharing cognitive network. As shown in Ysg, =
min(7/|hsp|?, P)|hsr,|* /No, because the transmission power
from the source to every relay is limited according to the
same interference threshold at the PU receiver, there ex-
ists a common term |hsp|? in every Ysg,. This common
term implies that the operation in (1) becomes correlated.
Note that in [7, Eq(10)], the term |hg p|? in every Yr,p+ =
min(7/|hg,p|*,P)|hg,0+|*/No is assumed to be identical,
based on which the analysis of the system model is simpli-
fied. However, this assumption is not correct because there
are multiple secondary relays in the system, or there are mul-
tiple secondary relays to primary destination links. Due to
the different locations of the secondary relays, the interfer-
ence links from SU relays to the primary destination should
not be identical.

3. Outage Probability Analysis

Outage event occurs when the achieved system SNR of
the selected best channel is below a given threshold 7;;,. Due
to the common terms |h5p|2 , the conditional outage proba-
bility can be formulated as

Pr [0l < Yth||hSP|2] =Pr [mygx {¥sp, } < 'Yth||hSP|2}

¥

< s min 15, 10,0, < s

¥

2
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Firstly, since all the links from S to D,, are statistically
independent, W¥; in (2) can be rewritten as

H YSDp (Yen) )

m=

*
where FYSD

(CDF) of ysp,, conditioned on |Asp|? = z, and we firstly de-
rive that

(x) is the cumulative distribution function

. E _ [ Pwhenz<I/P
min (1/2,P) = { I/z,whenz >1/P @)

Based on (4), we derive the CDF of Fy,, (x) that

EF (){ 1 —exp (—Asp, xNo/P) ,z <I/P

Ysom ) T 1— exp (—Asp, *No/I-z) ,z>1/P )

Then, using the total probability theorem [8, Eq. (12)(13)],
¥, in (2) can be rewritten as

Y, =Pr (max [min [Ysr,, YR,0*]] < Yun| |hSP‘2)
= Z PI‘(D*—D ) H {1 ( YSR (Yth)) (1 —F YRy Dim (Vth))}

m=1

(6)

where Pr(D* = D,,) can be derived with the help of [8, Eq.
(14)] as

Pr(D* =Dy,)
S r R el
k=l AC{1,..,m—1,m+1 ... .M} SDm "L jeAy 8D j

|Ax|=k

Notice that FY’;Rn (x) is the CDF of ysg, conditioned on
|hsp|> = z. Based on (5), the conditioned CDF FY’;Rn (x) and

. .
Fy p,, (X) can be written as

)= 1 —exp (—Asg,xNo/P),z <1/P ®)
YSRn o 1— exp ( }\-SR,,XNO/] Z) z> 7
B (x) = 1 —exp (—Aw,p,,*No/P) ,z <1/P ©)
TaDm /) 1 —exp (—Ag,p,xNo/T-2) ;2> 1/P

In addition, Fy, ,, (x)in (6) is the CDF of Vg, p,,. Performing
the integration in (9), Fy, ,, (x) can be written as

FYRan ( ) = f()w F’;Qan (‘x)-flhsp‘z (Z) dZ
o/" (1= exp (—Ag,p, 3 No/ 'P))Aspexp (—Aspz)dz
+f,/P (1—exp (—Ag,p,*No /I -z) ) Aspexp (—Aspz) dz
ex AR, pl/P
= 1=exp (“Ar,0, No/P) (1 B XRnP/p )“(RnDZn;;ICO/)erl
(10)

By substituting (3) and (6) into (2) and the general ex-
pression for the outage probability can be found by the fol-
lowing integral

P = fSQPr (Yors < Yinl|hsp|? :Z)f|h5p\2( )dz
— e H1 [1—exp (—Asp, YinNo/P)] z Pr(D*=D,,)

N
x [ ] [1—®nexp (—Asr,YinNo/P)Aspexp (—Aspz) dz

n=1

&

M — M
+hijp 1 [1=exp (“hsp, YuulNo/T-2)] ¥ Pr(D*=Dp)

N
XH [l—cbn exp (—KSRH YenlNo /1 - z)] Aspexp (—Aspz) dz

n=1

&
(1)

where @, =1-F YRn D ('Yth)

=exp (—ARr,p,,YinNo/P) <1

ARy P /MRy Dy 1/ No /Yt

exp(—Ag,pI/P) )

Thus, performing the appropriate substitutions in (11)
we can derive that

g = ﬁ [1 —exp(—Asp,,YinNo/P)]

m=1
M

; Pr (D* = Dm) Ililll [1 — (Dn €xXp (_}\'SR,,'YthNO/P)]
(1 —exp (—Aspl/P))

(12)
&= ZlPr (D% = Dy,) (exp (—AspI /P) +A1+Ar+A3)
m=
(13)
wher m MM kspexp<*g7»so, thNo/P*MPT/P>
A=Y & Y- =
m=1 " ki=1 k=1 Z)"SDkb'YthNO/7+)\SP
b=1
kl7ék27é"'?ék1n
n N 7
N 1) N N n XSPCXP(—E LR"IZM 0-%)
A=Y n! Z Z Hq)ta. e 7
=1 =l =141 Y Asw,, YenNo/T+sp
\ , a=1
n## e Fn
. M N N
M=y Y L Z DML ZH
m=1n=1 =l kn=l =1 p=19=1

%/—/\—/—/
kiAo Fhm 017127 F

m n -
Aspexp <* L Aspy, vinNo/P— Z KSR,athNO/P*KSP[/P>
X m
Z 7»50,( Ytho/H Z KSR,(, YenNo/T+hsp

The outage probability analysis of the multiuser multi-
relay spectrum sharing cognitive networks can be used to
assess the feasibility of the application of multi-relay trans-
mission and the multiuser diversity techniques in the cog-
nitive cellular networks [9]. In addition, it will guide the
designment of the interference threshold of PU receiver and
the number of the SU relays and users in practical system
designing.

Special Case: Multiuser Multi-relay Networks without
Interference Threshold (I — o)

In the case when the multiuser multi-relay networks
without interference threshold, and the PU can tolerate an
unlimited interference from the SU (I — o), taking (I — o)
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in PDL =&, +&,.

When (I — ), exp (flgpf/P) — 0, &; in (12) can be
written as

(14)

where g _ exp (—Ag,p,,YinNo/P).

When (I — o), in order to obtain &; in (13), we firstly
derive that

exp (—Aspl /P) — 0in (14)

m —_
exp (— bZI Aspy, YinNo/P — xspI/P) —0in A,
n —_
exp (— ¥ Aswr,YinNo/P — Aspl/ P) —0in Ay
a=1

exp <—b21 7\,5th 'YthNO/P_ ;1 }\’SRta 'Y,hNo/P—}\,SPI/P)—X) in A3

Therefore, &, — 0 when I — . Then, we can obtain
the outage probability of the multiuser multi-relay network
without interference threshold as

M
Py = H1 [1 —exp(—Asp,,VinNo/P)) XIPY(D* =Dy)
m= (15)
X H [1 —exp (=Ag,D, YinNo/P) exp (—Asg,YinNo/P))

n=1

The closed-form expression of the outage probability
for this special case is obtained, which is equivalent to the
result obtained in non-cognitive cooperative system [5, Eq.

(18)].

4. Asymptotic Performance Analysis

Since the exact analysis is too complicated to render in-
sight on the performance of the multiuser multi-relay spec-
trum sharing cognitive network, we turn our attention to the
asymptotic outage probability at high SNR regime. Without
loss of generality, let ¥ 2 P/Np be the system SNR and as-
sume that P = /. For given |hg p|?> and |hsp|?, the outage
probability can be rewritten as

P2 (vl B) = T (1-exp (~2%0,))

)“Rn Dy NOYih
Oy

(16)

N
XPr(Dx=Dy) 1 {l—exp( KSR"E;JOYW_

n=1

where 1 _ 1_ 1
% — min[1/(nlhg,p2).1]” B min[1/(nlhsp|?).1]"

For high SNR regime, ¥ — oo, with the help of the Tay-
lor series liH(l) e* = 1+x, (16) can be approximated as
X—

M
DLOO A‘ \
Pou’™ (Yinl0tn, B) ~ gir 1 (%w)
m=

N
x Pr(Dx = D,,) ] {%JFM}

QL
=1 Yo

a7)

Averaging over the random variables o, and 3, (17) can
be approximated as

M
Poi” () = T (7% ) Pr(D+ = Dy

« H (anD,,,Ym> {B}Wnljl{pjlﬁ_kozn}}

order to

(18)

where u, = Ag,p, /Asr,» in derive

N
E [ﬁ}” 11 {.L#ﬁ + l}] , using the binomial expansion, we

firstly write BM H (mL #’1[5) as

N (19)
=Y )y H o H #i M+N 2
a=0 A,C{1,...,N} i€Aa  jEA
|Aq|=a,|As|=N—a

N
In order to derive E [B}” I1 ( ﬁ + é)], we perform
n:] nvn

the integration of o; and B in (19) and obtain that
N
1 1 1
E { o 11 (4 + il )}

'gAi' 1/7~
aZOA o, ZN} / /O iea, o BTTESP

|As|=a,|A;|=N— a
xexp (—Aspx) T1 XRlpexp( Ar.pyi)dx 1 dyi

N i€A, i€A, (20)
=X r I1 *KRPGXP( Ar.pyi) dyi
a=0 A,C{l,...,N} i€A, /0
|As|=a,|A;s|=N—a z
1

/ BM+N a}\'SPexp( xSPx)dx

Ey
Along with some algebraic manipulations, Z; in (20)

can be derived as

&1 fO Pflth\2 (yl)dyl+f1 nythRP\Z (yl)dyl 1)
= (1 —exp(— }"RP/TI))"’_TIKR}DF(Z Ag;p/M)

And E; in (20) can be obtained by following similar
lines as in (21), along with some simple algebraic manipula-
tions, it can be written as

1
32 = fOn I—Li-fhsp‘z ()C) dx

+JT 11 ( )M+N_“ﬁhsp|z (x) dx
n jGA
= (1—exp(=Asp/M)) I1 ;-
JEAa g
AN QM N (M 4N —a+1,Asp/m) TT i
Jj€Aa

(22)
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By substituting (20) into (18), the asymptotic outage
probability can be finally obtained as

DL, N 1

Pour (Yth) = Z (1 —eXP(—kSP/ﬂ)) H u

a=0 A,C{1,...N} jeast
|Ad|=a,|As|=N—a

mMEN- gy —M— NF(M+N a+1,Asp/m) I1 1)
JEAL Hi

% T ((1 = exp(~Arp/M) +MAg pL (2, 2k /M)

i€Aq
M M N
AsDy Vi _ MRy Do Vit
Xm:1< ¥ )méll’f@*—l’m)}}l( 29
M+N
_ Yo
—ea (%)
(23)
where
ga= Y (1 —exp(—Asp/M)) Il,,%

; J€Aq
|Ag|=a, |Aa\ =N—a
AN QG NT (M N —a+1,0sp/) T1 1) .

0
jeAa !

x 11 ((1—exp(—xRip/n>>+nxgi;r<2,xR,-P/n>)

lEAa

y n (spy) ¥ Pr(Dx = Dy) T1 (hgyiy)

m=1 n=1

5. Remarks

As can be observed from (23), the diversity order of the

SU network is only determined by the number of SU relays

—logPyy”
logy

M+N. Itis noteworthy that the primary network affects

o L . A L.
and destinations, as the diversity gain Gz = lim
’Y o

M +N

the coding gain G, = of the SU network. Moreover,
we note that there ex1ts a coding gain gap [10, Eq. (31)]
between the multiuser multi-relay system in the cognitive
network and the same multiuser multi-relay system in the
non-cognitive system due to the interference threshold I at
the PU receiver, which can be written as

1
€ M+N
G = 10logy, <€A>
B

where €p is the gain of the multiuser multi-relay system in
the non-cognitive network, which can be derived with the
help of (15) as

(24)

P & [KSDthh/Y] Z Pr (D = Dy,)

N
X H [kRanYzh/ Y+ Asr,Yen /Y]

=

M+N
Mspy] z Pr(Dx = D) 11 (Ao, +Asw,] (%)

n=1

U? ﬁ:]&u

<

T

(25)

Thus, we can derive €g that

M M N
= H [Asp,,] Y, Pr(Ds =Dy) [ ] [A&,p, +Asr,] (26)
m=1 m=1

n=1

This result indicates that for the same outage probabil-
ity, the performance of multiuser multi-relay system in non-
cognitive network outperforms the same system in the cog-

nitive network by an gap of 10log, (z—;‘) N dB, because

of the multiuser multi-relay system in the cognitive network
is affected by the interference threshold at the PU receiver.

6. Simulation Results and Analysis

In this section, we confirm our outage probability anal-
ysis through comparisons with simulation results. In all
cases, we assume that the distance between the SU source
and the first SU destination § — Dy is dsp, = 1 without loss
of generality. And those the links S — D;, S—R;, S — Ry,
R1 —Dl, R1 —Dz, Rz —D1 and R2 —D2 are dSD2 = l.ldSDl,
dSRl = O-SdSDl, dSR2 = 0.6dSD1, deDl = O.Sdspl, deDz =
O.SSdSD] . dRzD] = O.SdSDI . dR2D2 = 0.55ds[)1 . respectively.
In addition, the distance between the SU source and the
PU receiver S — P is dgp = 0.8dsp,, the distance between
two SU relays and the PU receiver Ry — P and R, — P are
dr,p = 0.5dsp, and dg,p = 0.6dsp,, respectively, so that the
overall transmit power is governed by the interference at the
PU receiver as well as by the maximum transmission power
at the respective nodes. The variance of the Rayleigh chan-
nel fading between any two nodes is determined by the dis-
tance between them, and the path loss exponent p = 3. The
threshold v, is set to 3 dB.

Outage Probability

Analytical result .
= © = Analytical result in [7]: M=1,N=2 °r,
- 9 = Analytical result in [7]: M=2,N=2 s
Simulation result: M=1,N=2 a i L4
Simulation result: M=2,N=2 -
' Analytical result of ref.[5.Eq.(18):M=1,N=2
' Analytical result of ref.[5.Eq.(18)]:M=2,N=2 ;
0 2 4 6 8 10 12 14 16 18 20
P/No(dB)

aoxao

Fig. 2. Outage probability of the system for different numbers
of M and N.
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Outage Probability

Analytical result
O  simulation result when M=2,N=1
10° O  Simulation result when M=2,N=2
¢ Simulation result when M=2,N=3
_J = = = Asymptotic result

0 5 10

SNR(dB)

25

Fig. 3. Outage probability versus SNR ¥ with direct links assum-
ing DF relays.

Coding Gain Gap (dB)

1 (dB)

Fig. 4. Coding gain gap between the cognitive network and non-
cognitive network versus 7 under different P.

Figure 2 shows that the outage probability when
(M=1,N=2)and (M =2,N =2) and I =15 dB. We can
see that the simulation results match exactly with our pro-
posed analysis results and the outage performance is better
than that in [7], which demonstrates that the result of [7,
Eq.(10)] is the appropriate of our achieved exact closed-form
expression for the outage probability. A floor in the outage
performance curve is observed, which is due to the interfer-
ence threshold constraint. Moreover, as interference thresh-
old gets oo, the analytical results of [5, Eq.(18)] are derived.
It shows that the analysis of the multiuser multi-relay net-
works based on the efficient source-relay selection scheme
in [5] can be the special cases of our works without interfer-
ence constraint.

Figure 3 illustrates the outage probability and the
asymptotic results based on the analysis in section IV. The
following parameter values are used: P =mnlI, N1 =1 and

¥ Ap /No — eo. In addition, the asymptotic curves are shown
to be very tight with the exact curves at high SNR regions,
which confirm the correctness of our analysis. As can be ob-
served from the figure that the diversity order of the consid-
ered system is only determined by the number of SU relays
and destinations, and equals to M + N, which reveals that
the diversity order of the considered system is not affected
by the interference threshold at the PU receiver.

Figure 4 plots the coding gain gap between the mul-

tiuser multi-relay system in the cognitive network and
the multiuser multi-relay system in the non-cognitive net-
work. From the figure, we can see that the coding gain
of the multiuser multi-relay system in the cognitive net-
work is worse than that of the system in the non-cognitive
system due to the impact of the interference threshold I
at the PU receiver. However, the coding gain gap ap-
proaches to 0 dB for I beyond 20 dB. The main rea-
son is that the performance of the system in the cog-
nitive network approaches to that of the system in the
non-cognitive network. This observation can also be an-
alytically supported by (24). For given P, when [ — oo,
N =P/l — 0. we have exp(—Asp/n) — 0, exp(—Ag,p/M) —
0, nMN-QEMNT(M+N—a+1,ksp/n) — 0 and
NAgpL (2, hg,p/M) — 0 in €4, hence, we will derive that
€4 — €R.

7. Conclusions

In this paper, we derive the closed-form expressions
for outage probability of the multiuser multi-relay spectrum
sharing cognitive networks with both interference and max-
imum allowable transmit power constraint. We derive the
exact closed-form expression for outage probability using
the efficient relay-destination selection scheme compared to
that in [7]. Furthermore, asymptotic analysis indicates that
the achieved diversity order is M + N, which notes that the
diversity order is same to that in non-cognitive cooperative
system and the interference threshold at the PU receiver only
affects the coding gain of the SU network. Our analysis can
be used to guide the designment of the multiuser multi-relay
spectrum sharing cognitive system in the cognitive cellular
networks. Further study is to derive the optimum power allo-
cation strategy and energy efficiency for the multiuser multi-
relay spectrum sharing cognitive network.
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