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Abstract—In this paper, we investigate the outage behavior of a dual-hop
opportunistic decode-and-forward (DF) relay system with cochannel in-
terference (CCI) at both the relay and the destination. The source-relay
and relay—destination channels and the interferers’ channels at both the
relay and the destination nodes are assumed to follow Nakagami-m
distribution. Exact closed-form expressions for the outage probability
for both independent nonidentically distributed (i.n.d.) and independent
identically distributed (i.i.d.) cases of interferers’ channels are derived in
this paper. Furthermore, the system behavior at high SNR values is studied
via deriving the asymptotic outage probability, and hence, the diversity
order and the coding gain are characterized. Our results show that the
cochannel interferers do not reduce the diversity gain of the system;
instead, they degrade the outage performance by affecting the coding gain
of the system. The accuracy of the analytical results is supported by Monte
Carlo simulations.
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I. INTRODUCTION

Cooperative or relay networks are considered among efficient tech-
niques to provide space diversity in wireless communication. In relay
networks, single or multiple relays are used in helping a user to
forward his signal to the desired destination. Several relaying schemes
have been introduced in [1], among which are the amplify-and-forward
(AF) and the decode-and-forward (DF). In the AF scheme, the source
signal is just scaled by a gain before being forwarded to the destination,
whereas in the DF scheme, some signal processing and coding need to
be performed by the relay before the source signal is forwarded.

Most of the work on cooperative systems has focused on noise-
limited environments and ignored the interference effect on system be-
havior [2]-[4]. Few papers have investigated the impact of interference
in such cooperative systems [5]-[7]. Particularly, in [7], Al-Qahtani
et al. derived closed-form expressions for the outage and symbol error
rate of a dual-hop AF relay system over Nakagami-m fading channels,
in addition to studying the system behavior at the high-SNR regime.
The interference effect at the destination node over Rayleigh and
Nakagami-m fading channels was studied in [8] and [9], respectively.
Recently, several papers have studied the interference impact at both
the relay and the destination [10], [11]. The outage performance of
a dual-hop AF relay system over Rayleigh and Nakagami-m fading
channels was presented in [10] and [11], respectively.

Some key papers on cooperative systems with multiple relays
are the ones presented in [12] and [13]. Particularly, in [12], Kim
and Kim evaluated the outage performance of an opportunistic DF
cooperative system with interference at both the relay and the des-
tination nodes. All channels were assumed to follow Rayleigh dis-
tribution with unequal-power interferers. In [14], Yu et al. evaluated
the outage performance of a conventional DF cooperative system over
Nakagami-m fading channels by using the moment-generating func-
tion (MGF) approach. Unequal-power interferers were assumed, and
the direct link was considered in the analysis. The work that includes
the impact of cochannel interference (CCI) looks important since the
interference can be one of the major limiting factors of the cooperative
performance. Most of the aforementioned papers considered the effect
of CCI in single-relay systems with interference at the relay or the
destination or at both. Few studies considered the interference impact
in multirelay systems with a single interferer at the relay or the desti-
nation node. The lack of strong studies that evaluate the performance
of multirelay cooperative systems with interference at both the relay
and the destination nodes motivates us to contribute in this area of
research. Another contribution of this paper is that it is a development
to the work presented in [14], where the conventional DF relaying is
extended to an opportunistic DF relaying by using a different approach
rather than the MGF approach. Using the best relay scheme reduces
the amount of cooperation overheads and enhances the system spectral
efficiency. An important contribution of this work is that it evaluates
the system behavior at the high-SNR regime, where more insights
about the system performance such as the diversity order and coding
gain are provided.

To the best of our knowledge, the interference effect at both the
relay and the destination nodes in opportunistic DF cooperative system
over Nakagami-m fading channels has not been studied yet. In this
paper, we consider the system in [12], where the best DF relay is
selected to relay the source information with interference at both the
relays and the destination. We derive exact closed-form expressions
for the outage probability for both nonidentically distributed (i.n.d.)
and independent identically distributed (i.i.d.) cases of interferers’
channels. Furthermore, we evaluate the system performance at the
high-SNR regime, where an asymptotic expression for the outage

0018-9545/$31.00 © 2012 IEEE
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probability is derived and analyzed, and the diversity order and coding
gain are provided. Due to its inherent effect on system behavior, the
direct link is considered in all derivations in this paper. The situation
where the direct link is not existed becomes a special case of the
considered system.

The remainder of this paper is organized as follows: Section II
introduces the system and channel models. The analysis of system
performance is conducted in Section III. Section IV proposes the
asymptotic outage behavior of the considered system. In Section V,
some simulation and numerical results are presented and discussed.
Finally, conclusions are given in Section VI.

II. SYSTEM AND CHANNEL MODELS

Fig. 1 shows the cooperative communication system under consid-
eration. It consists of one source, one destination, K relay nodes, and
arbitrary number of interferers at both the relays and the destination.
The entire communication takes place in two phases. In the first phase,
the source S transmits its signal to the destination D and the K relays.
In the second phase, only the best relay among all other relays that
succeeded to decode the source signal is selected to forward it to D.
We assume that the signal at the kth relay is corrupted by interfering
signals from [, cochannel interferers {:rz}fil The received signal at
the kth relay can be expressed as

Iy,

Yr, = hs,kmO + Z hfk,kxfkyk + Ns, & (1)

ip=1

where hg i, is the channel coefficient between S and the kth relay, xg
is the transmitted symbol with E{|zq|?} = P, hf}w « is the channel
coefficient between the t" interferer and the kth relay, =/ , is the

ik
transmitted symbol from the " interferer with E{|z] ,[°} =
P} . mnsp~CN(0,Ng) is an additive white Gaussian

noise (AWGN), and E{-} denotes the expectation operation. Let
us define hg g, hy ¢, and hfd 4 as the channel coefficients between

S and D, the kth relay and D, and the %} interferer and D,
respectively. All the channel gains are assumed to follow the
Nakagami-m distribution. That is, the channel powers denoted by
|hs.dl?s |s,k|?, [h.al?, \hfk’k|2, and |h£d,d|2 are gamma distributed
random variables (RVs) with parameters (ms7d,0521d /™Ms q),

(ms,kaﬂ'ik/ms,k), (mk,d70i,d/mk,d)a (mfk,kvg?,ik,k/m{k,k)a
and (m] 4,07, /m;] 4), respectively. In this paper, Fx(.) and
fx(.) denote the cumulative distribution function (cdf) and the
probability density function (pdf) of an RV X. Using (1), the signal-
to-interference plus noise ratio (SINR) at the kth relay can be written
as Ys,p = (PO/N0|hs,k|2)/(Zf::1 PiIk,k/NO|h7{k,k|2 +1).

Let C'r denote a decoding set defined by the set of active relays that
could have correctly decoded the message sent from the source in the
first phase. It is defined as [12]

1
Cr, 2 {k IS 3 logy (1 + vs.) > R}
={keS 1y >2" -1} (2

where S, is a set of L relays, and R denotes a fixed spectral efficiency
threshold.

In the second phase after decoding the received signal, only the
best relay in C'p, forwards the reencoded signal to the destination. The
received signal at the destination can be expressed as

Ig

Yd = hs’dxo + hb,dyrb + Z h’{dwdm"{dvd + Ty d (3)

ig=1

Fig. 1. Dual-hop opportunistic DF relaying system with CCI at both the relay
and the destination.

where hy, 4 is the channel coefficient between the best relay and the
destination, yy, is the received signal at the best relay, and n, g4 ~
CN (0, Ny) is the AWGN. The best relay is selected such that

b= arg maxjec, {74} 4)

where ; 4 is the SINR at the destination resulting from the Ith relay
being the relay that forwarded the source information. It can be written
as y.a = (P/Nolhia*)/(31°_, P! 4/Nolh! 4> +1), where P,
Pl.{i d and Ny are the transmit power of the [th active relay, the transmit

power of the ‘P interferer, and the AWGN power at the destination,
respectively, and I is the number of interferers at the destination node.
Equivalently

P
b = arg max;ecc, {ﬁ;‘hz,dP} ®)

since the denominator is common to the SINRs from all relays belong-
ingto Cp,.

The destination finally combines the signals from the source and
the best relay using maximal-ratio combining. The end-to-end (e2e)

SINR at the destination output can be written as g4 2 Vs, d + Vo, d =
(Po/Nolhs al? + Py/Nolhya|*)/(31%_, PL 4/NolhL 4> +1).

td>

III. PERFORMANCE ANALYSIS

Here, we evaluate the system outage for both i.n.d. and i.i.d. inter-
ferers’ fading channels. The probability of the decoding set defined in
(2) can be written as

P = [ Bebsazul [] Prbsm <l ©®

leCy, m¢Cp,

where u = (22% — 1). The outage probability for the considered sys-
tem can be achieved by averaging over all possible decoding sets as
follows [12]:

1

A
Pout 2P, [2

log, (1 +74) < R]

=33 P < ulCLIPL[CL) )

L=0 Cp,

where the internal summation is taken over all (IL( ) possible decoding
sets O, of size L from the original set with K relays. To evaluate (7),
we first need to derive P, [yq < u|Cf] and then P,[C] as follows.
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A. Nonidentical Interferers

Let p 2 Py/No = Pi/No and p; = P,
plhsal®s plhskl?, prlhl l?,
tributed with parameters (ms g, pa& 4/ Ms 4= 1/a57d M. d), (Ms 1, PO k/
ms = 1/as yms ), (m{k,m p107 4 Viks k/m{k k= 1/0‘% km'{k k)
(ml,d7 PUid/mz,d = 1/az,dmz,d) and (m zk ks PIUI vids d/m%
l/afdydm{k’k), respectively. We can then calculate Pyt in (7) using
the following result.

Lemma 1: For the case of unequal-power interferers, that is,
of L Fal ., when i, #j,, neS.(J{d}, the term Py[yq <u|CL]
for L>1 is given by (8), shown at the bottom of the page. where
Ca=m 5 /9] 4T (msa), Co(l)=my 42T (mya), Cr(r,1)=

zIk w/No = PI d/NO Then,
plh, d|2 and py|h! 4| are gamma dis-

myg+r—1, Cy(l ):ml,d/QZ,d_ms,d/Qs,dv Cs(r)=msq—r—1,
04(id»9):(ai{hd)igflr(gﬁ‘laal-]d’d), Cs(r, k1) =msq—r+ki —1,
Co(r,lg) =) aitmyg+r=1, Co(l,js)=>"_ m;, a/Q;, a+
mzd/de Mg q/Qs 4, Cs (1, k2) =mg g — 7+ ko — 1, Co(l, js) =

M, d/Q,d +mid/Qd Ai(ia,u)=msq/(Qsa)u+ oy g,
Ag(zd,l,u) =myq/(Qd)u+ aid’d, and As(ig,l, js,u) = (Z::1
My, d/Q,d +ma/Qa)utal g

Proof: See Appendix A. |
For L = 0, the term P, [y < u|Cy] can be simply found by replac-
ing k for relay by d for destination and i), by 4 in the cdf of s 5, in
Lemma 2.
Now, we find the second term in (7), which is Pr[C].

Lemma 2: The cdf of 7s i, which is a part of Pr[C] in (6) for the
nonidentical interferers’ case, is given by

Polys,k < ulni
I S
ip=1 i=1 (2_1)'
ml k71
KR I Mg k
> (mikvk 1)<-1>gmmsw
2\ QU T (ms )

msk—l )ud

st

—5 22 (©))

where =1 =D(g+ 1,0 ,)/(af )9, B2 =T(g+j+1,mss/

Qs pu + a{k,k)/(msvk/Qs,ku + a{k,k)ﬁ”l, and I'(.,.) denotes the
incomplete gamma function [17, eq. (8.352.2)].
Proof: See Appendix B. |

B. Identical Interferers

This section considers the case of identical interferers, i.e.,

(1__,_1 ) I

[
M= =My, o = -=a;) and (mid,d_ =my,

14 , ™ig.d gi1 Mgat I ] msg—1 | L
m] ig m;og— Mg g — ”
R CIREECIND Sy il (s ISR Dl W B SEYC
1g=1 1=1 g=0 =0 =1
G [G0Ciliag) SN Cot)Maliaw—oho ks
Co(1)matr ( )msd r 1;0 ks! ( d)"LSyd*T*ks (g+ks+1, A (ia, w))
= s

& aen
N Z k1|02 O (DM atr—k1

=

C5 (Ty kl)'A2 (id7 l7 u)797k471uk4

. Cs(r.k1)
Cs(r, k1)!Calia g) 3
my g mg d—r+k1 | M
(7Ql,yd) kq=0 k4. (791:‘1

PR

J1<<Jn,j()#lgr="-=an=0

+> (-

CG(Tv l7 ql)'

Qs,d

Ce(r,l,q:) Ce(T,l,qi)!

B0 kalCal, )2 etk

Cg(r,k2)

)ms,d—r+k1—k4
quw
H" (mjw,d>
w=1 \ Qj, 4
Il a!
p=19p
. C3(r)
C3(r)!Ca(ia, g)
" . M ¢—T |
07(1’]'8)21.:1 ait+my q+r <m5’d) d P k5.

r (g+k4+17A2(idvl7u))

C3(r)I Ay (ig,u) 9 ks~ Lyks

g msyd#rfk\:;
Qs,d

F(g+l€5+1, Al(id, U))

Co(l, go)mee e

% (Cs(T7 k2)!C4(ia, g) _

k=0

Z Cs(?“, kQ)!UkS
ke!

Cg(r,k2)
A3(id7l7j3au)7gik671 - :
Z Cg(l7js)m5’dir+k27k6 F(g+k6+17A3(l(i7l7]37u)) (8)
ke=0
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afd,d == ozé). Now, the denominator of ~y becomes Z; =

Zi‘;:l p1|hfd J?+1=Xy+1, where X, is a summation of
gamma distributed RVs with the same parameter and the same
average power whose pdf is given by fx,(z)= (aé)ldmi/
D (Igm}) glomi—1 exp(—ax). Using the transformation of RVs and
then the binomial formula, we get

(aé)ldmj (_1)Idm§ exp (aé)

I (Igm})

sz(Z) = -

I
Igmy—1

>

9=0

I _
(Idm; 1) (=1)92% exp (—aéz) . (10)

Finally, using the relation (19) in Appendix A, the term P[4 < u|C]
in (7) can be evaluated. The expression is omitted due to space
limitations.

In evaluating the term P,[C] for this case, the SINR ~s ; can be
written as 7ys , = Y1/Z3. The pdf of Y7 is similar to fp‘,”)d‘z(*r) in
Appendix A with replacing [ by s and d by k. The pdf of Z3 is similar
to that found in (10) with replacing d by k.

Now, following the same procedure as in Appendix B, the cdf of
vs,i can be evaluated as

Pr [’Ys,k < u]I

NIEmE o Iml] I
__(ak) (=1 kexp(ak)

I (Imy)
Ikmi—l I mg g
_ m,
<3 (M e
s g stk’ I'(ms k)
S, -1 .
(ms,k — 1)' F (g + 17Oé£) " (ms,kil)!u]
s,k o+l :E: mg g —J
Tk (ay) —0 gl D=k 7
Q1 Jj=0 7: Qo ko

m,

P(g+i+1 Fetutal)

an

g+i+1
Ms | I
G

IV. ASYMPTOTIC OUTAGE BEHAVIOR

Since the achieved results are too complex to give any insight about
the key performance measures, it is of great interest to look into the
high-SNR regime, where simple expressions can be obtained. Note
that in the high-SNR regime, we can express the outage probability

as Pout =~ (Gcp)~%4, where Gy is the achieved diversity order of
the system, whereas G is the coding gain of the system. When
p — oo with finite values of p;, I, and I,, the outage probability
is approximated as follows:

™ms K

( )m,s’k
T

a; Q

Ly g2t

T(ims p+1) (%)™,

>
m
( ms )( my g 1=1 "hd
T T
o4 Qs,k @ Ql,d
Lo~k k

P(X ma k1))

Ms < myd

Pout ~

12)

L
() Dy s

p ) ms i > ml,d

where IL; and L, are constants given by L, = (—1)I’€m£ exp(al)/
mi— mi—

ms ()T (Temp) Y00k (TR T (s g+ 1, af ) (< 1)°

(@f)7 and Lo = (~1)!" B(ay,ms,q)(af) "« " exp(af)/

D(Iymk) Y14 (Tami ) (—1)9 (a}) 9T (a3, a}), B(A, 1) is the

9=0 g

beta function defined as B(\, u) =T (A\)T'(u)/L'(A+p) [17, eq. (8.38)],
a, = Zle my 4+ 1,and ax = Zle myd+msa+g+ 1
Proof: See Appendix C. |
We observe that the diversity order of the system is given by
min(ms x, My 4) L + ms 4, Whereas the coding gain of the system is
given by (13), shown at the bottom of the page. We assume that
the fading parameters over all links are equal, i.e., (ms, = m; =
ms 4 = m). This assumption does not affect the system asymptotic
behavior. Therefore, it is clear that this system model achieves a full
diversity order that is equal to m(L + 1), despite the presence of the
interference. This is expected since the interferers’ powers . and
aj are assumed to be finite while deriving the diversity order of the
system. In addition, we can observe that the coding gain is affected by
the interferers’ powers. More importantly, our findings show that the
diversity order is determined by the most severely faded link while the
coding gain is affected by the total interferers’ powers.

V. NUMERICAL RESULTS

Here, we illustrate the validity of the expressions derived in
Sections III and IV. We also provide some numerical examples to show
the effect of the interference and the fading parameter on the system
performance.

In Fig. 2, we illustrate the validity of our analysis via providing
the analytical, simulation, and asymptotic curves for the considered
system. It is shown that the analytical results and the asymptotic curves
perfectly fit with the simulation results. Moreover, the enhancement
on system performance due to use of more relays is obvious in this
figure. It is also clear that the system can still achieve full diversity
gain in the presence of a finite number of interferers with finite
power.

me e 771
( mg ) ) sk
I
ar Qe
]Ll k>

Ge

I(mg +1) ’

Ms, e < My ¢

1 (13)

SR
Zl:l Lt

L
mg my g Zz=1 s,k
L Q& alay g
2 T
F(Zl=1 mz,d+1>f‘(ms,d)

9 mS,k > ml,d
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Fig. 2. Outage probability versus average SNR of the opportunistic DF relay-
ing system with a single interferer at the relays and the destination for different
number of relays. We have set v, = 4.77 dB, ms 4 = 3, ogd =1,ms1 =

myg =102 =02 0} =04 msa=myq=2 0, =02 05, =
0.6, ms 3 =mg g =3,005 =02, ag’d =0.8,and (o) = (0)? = 0.01.
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Fig. 3. Outage probability versus average SNR of the opportunistic DF

relaying system with two relays for different number of interferers at the relays

and the destination. We have set ms 4 = 1, ogd =1, mg and my 4 =
_ 2 2 _ 2 _ 2 _ I 1 _

k for k =1,2, Og1 =059 = 0.2, 04 = 04, T5d = 0.6, m; =mj; =1,

(07)% = (0§)* =001, and m} = 1.

Figs. 3 and 4 show the effect of interference on the system behavior.
In Fig. 3, the number of interferers at both the relays and the desti-
nation nodes is assumed to be equal. It is clearly shown that when
the number of interferers increases, hence the total interference power,
the outage probability performance deteriorates further, as expected.
In addition, the improvement achieved in the system performance due
to the direct link is obvious in this figure. Fig. 4 provides a comparison
of the interference effect at the relay and the destination nodes on the
system behavior. As shown, the interference at the destination node
affects the system performance more severely than the interference
at the relay. This is because the impact of the interference at the
relay node is reduced by the decoding process performed by the relay
itself. Finally, a floor appears in these two figures due to the effect
of interference on the system performance. This is expected since the

10%c—
=
3
@
a
e)
Dﬂ: 10—1
o
1$)
I
5
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2 +|k:3,|d:1 -p|=.p=SNR. .....................
R . ; ] ; y
1072 ; i i i i ; ;
0 5 10 15 20 25 30 35 40
SNR [dB]

Fig. 4. Outage probability versus average SNR of the opportunistic DF
relaying system with one relay for different number of interferers at the relay
and the destination. We have set ms g4 = 1, ‘75201 =1,ms1 =1, myd = 2,

02, =02,07  =04m{ =1,(0f)* = (c))*> =005 and m} = 1.

100 —

107"}
102L.

1073,

Outage Probability
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1075 /::

i i i
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10_6L i i i
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Outage Threshold [dB]

Fig. 5. Outage probability versus outage threshold of the opportunistic DF
relaying system with two relays for different values of fading parameters
(ms,k,mk,d)- We have set ms q = 3, Us2d =1, 031 =0.2, afd =04,

02, =02,02  =06,and (61)% = (c})% = 0.01.

transmit SNR of both the desired user p and the interferers p; and,
thus, their powers are assumed to be increasing. This explains why the
diversity order of this case is equal to zero.

Fig. 5 describes the effect of fading parameter m on the outage
performance. In this figure, we use m; and ms to represent the fading
parameters of the first hop and second hop of both relays, respectively.
It is shown in this figure that the worst behavior is achieved when the
fading parameters of the two hops of both relays equal unity, which
is the Rayleigh case, as expected. Moreover, it is shown that having
m; larger than mo gives better performance compared with the case
where ms is larger than m. This is because having m; being smaller
may cause the relays unable to decode the source signal, which will
affect the transmission on the second hop and, thus, the overall system
behavior. Finally, the best behavior can be achieved by enhancing the
channels of both hops at the same time, as expected.
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Fig. 7. Outage probability versus average SNR of the opportunistic DF

relaying system with two relays for different values of outage threshold.
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and mé =1

Fig. 6 shows that the considered relay system still achieves perfor-
mance gain, and the outage probability decreases when the number
of relays K increases, but the slope depends on the SNR values. In
addition, the achieved gain in system behavior due to the existence of
the direct link is clear in the figure.

In Fig. 7, we investigate the effect of outage threshold on the system
performance. Clearly and as expected, as the value of the outage
threshold increases, the worse the achieved behavior becomes.

VI. CONCLUSION

In this paper, we have evaluated the outage performance of a dual-
hop opportunistic DF relay system in the presence of interference at

both the relay and the destination nodes. We derived exact closed-
form expressions for the outage probability with the desired user
channels and the interferers’ channels being Nakagami-m distributed.
Furthermore, the outage performance of the proposed system was
studied at the high-SNR regime via deriving the asymptotic outage
probability. The achieved results were validated via the Monte Carlo
simulations, which show an accurate fitting with the analytical and
asymptotic results. In addition, the findings of this paper reveal that
for the case where the interferers” powers do not scale with the SNR,
the presence of interference does not reduce the diversity order of the
system; however, it affects the system performance through the coding
gain. On the other hand, having the interferers’ powers increase with
the SNR results in a noise floor in the outage performance and, hence,
a zero diversity gain. Finally, the results show that having the fading
parameter of the first hop better than that of the second hop gives better
performance compared with the opposite case.

APPENDIX A
PROOF OF LEMMA 1

Here, we evaluate the first term P, [y4 < u|C]in (7). The e2e SINR
~4 can be written as a ratio of two RVs vy = Y/Z. The proof is carried
out through the following series of results

Proposition 1: The pdf of Z = Z o o1l zld,d|2 +1=X+1

is given by
I
Iy Migd  pi-1
— i id
fﬂz):Zfl) o exp (o, 4) . i)
1d= 1=

—1
Z ( )( l)gzgexp( fdz) (14)
Proof: The pdf of X is given by
I
ldd z 1 7dd
Z > Big w7t = exp( I qr) (9
ig=1 i=1
h i—1 _ TTla (T \mig I MNdi=1 /dsi—1TTY.
where  Bi " =[], (af )"0/ (m] 4 —i)d~"/ds [Hﬁ;’li
(aj g +8)" id] evaluated at s = af

Usmg the transformation of RVs for 2 = X + 1, then the binomial
rule, we can get the pdf of Z as (14). |

Proposition 2: LetY =p|hs | + p|hy 4|*> with |Cp|=L, L>1.
The pdf of Y is given by
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L
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s d y)
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(16)
where C,, Cy(1), Cy(r,1), Ca(l), Cs(r,1,¢;), and C7(l,j,) are as

defined before.
Proof: The pdf of p|h;, 4| given C, can be written as

Zfﬁ\hz J12(7 HFp\hld\Z

1#l

Fotns, d\z (17

For Nakagami-m fading, the pdf of p|h; 4/? and the cdf of pl|h,, 4|
o M

are givenby f, ), d‘z( = ldl Armid IQ ! dl"(ml dexp(—=my 4/ 47)

and Fyyp,, j2(7) = 1= 1/g!(m zd/Qi,d) Tlexp(—=m; d/SY da7)s

respectwely Upon substltutmg these cdfs in (17) and after some

algebraic manipulations, the final result becomes
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We then can get the pdf of Y from fy(y fo Folngg12(y —7)
fp|hb,d‘2( )dT as (16) |

Using the results of Proposition 1 and Proposition 2, we can get the
cdf of v = Y/Z as (8) from

P, [v4 <u|CL]:/fZ(z)/fy(y)dydz.

By integrating (19), we get (8).

19)

APPENDIX B
PROOF OF LEMMA 2

Here, we evaluate the second term P,[C] in (7). The SINR ~s 4
can be written as Y3 /Z;, where the pdf of Y is similar to f,;,, ,2(7)

by replacing [ with s and d with k, and the pdf of Z; is similar to that
found in (14) by replacing 74 with i, and d with k.

Now, using the integral in (19) and with replacing Y by Y; and Z
by Zi, and after some algebraic manipulations, the cdf of s can
be evaluated as (9). Having P, [y4 < u|Cp] and P,[C] evaluated, the
outage probability in (7) can be calculated.

APPENDIX C
PROOF OF (12)

Here, we evaluate the system outage at high SNR values. When p —
oo and with finite values of py, I, and I;, the Gamma density and
distribution functions can be approximated by [, ;2 (1)~ (myq/
Qp q) " T (my g) and Fypp, 2 (7) & (my,a/Q ) ™H47™0d /
L(myq+1), respectively Based on that, the pdf of the best relay can
be written as f;, ,2(7 HF myd/Qq)™eT ™ T (my g).
Following the same procedure as in Appendix A, the pdf fy (y) can be
evaluated. Upon substituting f, (z) given by (10) and fy (y) in (19),
the first term in (7) can be found. Following the same procedure as
in Appendix B, the second term in (7) can be determined. After some
mathematical manipulations, we get (12).

REFERENCES

[17 J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperative diversity
in wireless networks: Efficient protocols and outage behavior,” IEEE
Trans. Inf. Theory, vol. 50, no. 12, pp. 3062-3080, Dec. 2004.

[2] H. Mheidat and M. Uysal, “Impact of receive diversity on the performance
of amplify-and-forward relaying under APS and IPS power constraints,”
IEEE Commun. Lett., vol. 10, no. 6, pp. 468470, Jun. 2006.

[3] T. A. Tsiftsis, G. K. Karagiannidis, P. T. Mathiopoulos, and
S. A. Kotsopoulos, “Nonregenerative dual-hop cooperative links with se-
lection diversity,” EURASIP J. Wireless Commun. Netw., vol. 2006, no. 2,
pp. 1-8, Apr. 2006.

[4] D. Senaratne and C. Tellambura, “Unified performance analysis of
two hop amplify and forward relaying,” in Proc. IEEE ICC, Dresden,
Germany, Jun. 2009, pp. 1-5.

[5] H. A. Suraweera, H. K. Garg, and A. Nallanathan, “Performance
analysis of two hop amplify-and-forward systems with interference
at the relay,” IEEE Commun. Lett., vol. 14, no. 8, pp. 692-694,
Aug. 2010.

[6] N. Milosevi, Z. Nikoli, and B. Dimitrijevi, “Performance analysis of dual
hop relay link in Nakagami-m fading channel with interference at relay,”
in Proc. 22nd Int. Conf. Radioelektronika, Apr. 2011, pp. 1-4.

[71 E S. Al-Qahtani, T. Q. Duong, C. Zhong, K. A. Qarage, and

H. Alnuweiri, “Performance analysis of dual-hop AF systems with in-

terference in Nakagami-m fading channels,” IEEE Signal Process. Lett.,

vol. 18, no. 8, pp. 454457, Aug. 2011.

C. Zhong, S. Jin, and K. Wong, “Outage probability of dual-hop relay

channels in the presence of interference,” in Proc. IEEE Veh. Technol.

Conf., Apr. 2009, pp. 1-5.

[9] E. Al-Qahtani, C. Zhong, K. Qaraqe, H. Alnuweiri, and T. Ratnarajah,
“Performance analysis of fixed-gain AF dual-hop relaying systems over
Nakagami-m fading channels in the presence of interference,” EURASIP
J. Wirless Commun. Netw., pp. 1-10, Dec. 2011.

[10] W. Xu,J. Zhang, and P. Zhang, “Outage probability of two-hop fixed-gain
relay with interference at the relay and destination,” IEEE Commun. Lett.,
vol. 15, no. 6, pp. 608-610, Jun. 2011.

[11] D. B. da Costa and M. D. Yacoub, “Outage performance of two hop AF
relaying systems with co-channel interferers over Nakagami-m fading,”
IEEE Commun. Lett., vol. 15, no. 9, pp. 980-982, Sep. 2011.

[12] J. Kim and D. Kim, “Exact and closed-form outage probability of op-
portunistic decode-and-forward relaying with unequal-power interfer-
ers,” IEEE Trans. Wireless Commun., vol. 9, no. 12, pp. 3601-3606,
Dec. 2010.

[13] S. Ikki and S. Aissa, “Impact of imperfect channel estimation and
co-channel interference on regenerative cooperative networks,” IEEE
Wireless Commun. Lett., vol. 1, no. 5, pp. 436-439, Oct. 2012.

[14] H. Yu, L. Lee, and G. Stiiber, “Outage probability of decode-and-forward
cooperative relaying systems with co-channel interference,” IEEE Trans.
Wireless Commun., vol. 11, no. 1, pp. 266-274, Jan. 2012.

[8

[t



IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 62, NO. 2, FEBRUARY 2013 927

[15] J. Laneman and G. Wornell, “Distributed space—time coded protocols for
exploiting cooperative diversity in wireless networks,” IEEE Trans. Inf.
Theory, vol. 49, no. 10, pp. 2415-2425, Oct. 2003.

[16] M. K. Simon and M.-S. Alouini, Digital Communication Over Fading
Channels, 2nd ed. New York: Wiley, 2005.

[17] L S. Gradshteyn and 1. M. Ryzhik, Tables of Intergrals, Series and Prod-
ucts, 6th ed. San Diago, CA: Academic, 2000.

[18] M. Abramowitz and 1. A. Stegun, Handbook of Mathematical Functions
With Formulas, Graphs, and Mathematical Tables, 9th ed. New York:
Dover, 1970.

The Effects of Limited Channel Knowledge on
Cognitive Radio System Capacity
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Abstract—We examine the impact of limited channel knowledge on
the secondary user (SU) in a cognitive radio system. Under a minimum
signal-to-interference noise ratio (SINR) constraint for the primary user
(PU) receiver, we determine the SU capacity under five channel knowledge
scenarios. We derive analytical expressions for the capacity cumulative
distribution functions and the probability of SU blocking as a function of
allowable interference. We show that imperfect knowledge of the PU-PU
link gain by the SU-Tx often prohibits SU transmission or necessitates a
high interference level at the PU. We also show that errored knowledge of
the PU-PU channel is more beneficial than statistical channel knowledge
and that imperfect knowledge of the SU-Tx to PU-Rx link has limited
impact on SU capacity.

Index Terms—Channel capacity, cognitive radio (CR), partial channel-
state information (CSI).

I. INTRODUCTION

A large body of work is now available on various aspects of cogni-
tive radio (CR) systems, including fundamental information-theoretic
capacity limits and performance analysis, which often assumes perfect
secondary user (SU)-Tx to primary user (PU)-Rx channel state infor-
mation (CSI) [1]-[7]. In practice, there is expected to be limited (or
no) collaboration between PU and SU systems. Hence, an important
question is the impact of the nature of channel knowledge on CR
capacity. Several recent contributions have considered imperfect CSI
[8]-[14]. In [8], mean and outage capacities along with optimum
power allocation policies have been investigated for a CR system in
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Fig. 1. System diagram.

a fading environment with imperfect CSI. Here, probabilistic con-
straints were employed to maintain an acceptably low probability
that interference exceeded some target. In our work, we also use
probabilistic constraints but apply them to a signal-to-interference
noise ratio (SINR) target.

This paper differs from the existing literature in several ways. There
are four link gains in a two-user PU/SU channel to consider, and each
of them may or may not be perfectly known at the SU transmitter.
Previous studies [8]-[10], [12], [14] have only assumed imperfect
knowledge of the SU-Tx to PU-Rx link. Additionally, in previous
work, the effect of the interference from the PU-Tx on SU capacity
is ignored. Moreover, we employ the SINR at the PU-Rx to impose
probabilistic constraints to protect the PU-Rx, whereas prior works,
with the exception of [10], have considered an interference outage
constraint. Finally, we consider several cases where the imperfect
CSI manifests itself in the form of statistical channel knowledge
(i.e., knowledge of the mean link gains). Such a form of imperfect
CSlI is attractive from a practical standpoint since obtaining accurate
knowledge is almost impossible for some links, such as the PU-Tx
to PU-Rx link. Moreover, the mean value does not impose a large
system burden as it only requires infrequent updates. Note that the
inclusion of PU-Tx to SU-Rx interference and probabilistic constraints
enables a rigorous evaluation of the benefits of various types of
CSI. In this paper, we establish the following key observations and
results:

1) In four of the five scenarios considered, we derive analytical
expressions for the cumulative distribution function (cdf) of the
SU SINR and use it to evaluate the SU capacity cdf.

2) For all scenarios, we derive the probability of SU blocking as a
function of the permissible interference at the PU-Rx.

3) By evaluating our results for a range of system parameters, we
demonstrate the importance of accurate knowledge of the PU-Tx
to PU-Rx link at the SU-Tx.

4) We demonstrate the very high sensitivity of SU performance to
the error in the estimation of the PU-Tx to PU-Rx and SU-Tx to
PU-Rx links.

5) We show that errored knowledge of the PU-Tx to PU-Rx link
and SU-Tx to PU-Rx link (if available) is better for SU capacity
than knowledge of the mean link gains.

6) By considering a single probabilistic SINR constraint, a unified
framework is presented that enables fair comparisons between
different types of channel knowledge.

II. SYSTEM MODEL

Consider a CR system (see Fig. 1) with the SU-Tx and PU-
Tx transmitting simultaneously to their respective receivers. Inde-
pendent point-to-point flat Rayleigh fading channels are assumed

0018-9545/$31.00 © 2012 IEEE
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