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Fig. 5. Outage probability Pout (R ) with p = 6 dB.

scheduling over the QRD-based CP SC transmissions, and two rep-
resentative scenarios K = 1 and Ny = 1 have been studied. For arbi-
trary values of K and N, the derived closed-form expressions for the
maximum average achievable rate have also been verified by the em-
pirical simulations. The simulation results have shown the tightness of
the derived closed-form expressions between exact and empirical ones.
From the simulations, we can also verify that the derived outage diver-
sity gain is determined by the number of active users and the length of
channel taps.
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Outage Probability for Dual-Hop Relaying Systems With
Multiple Interferers Over Rayleigh Fading Channels
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Abstract—In this paper, we analyze the dual-hop amplify-and-forward
(AF) and decode-and-forward (DF) relaying systems with multiple inter-
ferers over Rayleigh fading channels. We derive closed-form expressions
for the outage probability of the dual-hop AF and DF relaying systems
with multiple interferers, which have arbitrary transmit power. Numerical
results verify the validity of our theoretical analysis by comparison with
Monte Carlo simulations and compare the outage probabilities of the
dual-hop AF and DF relaying systems with multiple interferers.

Index Terms—Amplify and forward (AF), decode and forward (DF),
dual-hop relaying, interference limited wireless networks, outage
probability.

1. INTRODUCTION

Dual-hop relaying is well known as an efficient way to extend
coverage area and overcome channel impairments, such as fading,
shadowing, and path loss, in wireless fading channel environments
[1]-[4]. In dual-hop relaying, when the direct link between the source
and the destination is deeply faded, a source communicates with a
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destination via an intermediate relay. If the relay just amplifies and
forwards the source data to the destination, then it is called an amplify-
and-forward (AF) relaying system. On the other hand, if the relay
decodes the source data, reencodes, and forwards it to the destination,
then it is called a decode-and-forward (DF) relaying system.

The performance analysis of the dual-hop AF and DF relaying sys-
tems over fading channels has extensively been studied. In [5] and [6],
the end-to-end outage and error probability of the dual-hop AF and DF
relaying systems were studied over Rayleigh and Nakagami-m fading
channels. In [7], the authors presented and characterized four channel
models for multihop relaying and introduced the concept of multihop
diversity. The performance bounds of the multihop AF relaying system
with channel state information (CSI)-assisted and fixed-gain relays
were investigated over Nakagami-m fading [8]. However, most of
the previous works on the dual-hop relaying systems have focused
on wireless networks with no interference, and there have been few
works on the dual-hop relaying systems in interference-limited wire-
less networks. In [6], the authors investigated the outage probability
of the dual-hop AF relaying system with multiple interferers over
Nakagami-m fading channels. However, the analytical result for the
outage probability of the dual-hop AF relaying system has no closed-
form expression but does have a complicated integral expression, and
it is valid only for the case where all cochannel interferers have the
same transmit power. In [9]-[11], the authors investigated the outage
probability of the dual-hop AF and DF relaying systems over Rayleigh
fading channels. However, to simplify the derivation of the outage
probability, the authors considered a simplified interference model [9],
[10] and assumed no interference at the relay [11]. In [12], the authors
investigated the relay selection and the statistical behavior of the AF
cooperative diversity in ad hoc networks with multiuser interference.
However, it considered the interference model where the relays receive
the interfering signal from a single interferer and the destination is
interference free and assumed high signal-to-noise ratio approximation
to simply derive the approximate outage probability.

In this paper, we investigate the dual-hop AF and DF relaying
systems with multiple interferers over Rayleigh fading channels.
We consider the interference model where both the relay and the
destination receive the interfering signals from multiple cochannel
interferers, which have arbitrary transmit power. We derive the closed-
form expressions for the outage probability of the dual-hop AF and DF
relaying systems with multiple interferers. Numerical results verify the
validity of our theoretical analysis by comparison with Monte Carlo
simulations and compare the outage probabilities of the dual-hop AF
and DF relaying systems with multiple interferers.

This paper is organized as follows: In Section II, we describe the
system model for the dual-hop AF and DF relaying systems with
multiple interferers over Rayleigh fading channels. In Section III, we
derive the closed-form expressions for the outage probability of the
dual-hop AF and DF relaying systems with multiple interferers. In
Section IV, the numerical results verify the validity of the performance
analysis by comparison between the analytical results and Monte Carlo
simulations. In addition, the outage probabilities of the dual-hop AF
and DF relaying systems are compared. Finally, conclusions are drawn
in Section V.

II. SYSTEM MODEL

Consider the dual-hop relaying system with multiple interferers
over Rayleigh fading channels, as shown in Fig. 1. Assume that a
source 7 communicates with a destination 7% via a relay 7. Assume
that independent frequency-flat slow fading channels and CSI are
only known at the receiving terminals. Assume that a communication
between the source and the destination is performed in two phases

ﬂl,lM ﬂul Bor / ﬂz,]2
o @,
Source Relay Destination
Fig. 1. System model.

under the half-duplex constraint. In the first phase, the source transmits
the data to the relay, and then, the relay receives the source data
and the interfering signals from I; interfering terminals. At the relay,
the received signal from the source and /; interfering terminals is
given by

Iy

U1 :Oél-’ﬂl,oJrZﬁl,iiﬁl,iJrnl (1

i=1

where oy, is the fading channel coefficient from the terminal 7}
to the terminal 7}, x4, is the transmitted signal from the terminal
T}, —1 to the terminal T}, By ; is the fading channel coefficient from the
ith interfering terminal Jj, ; to the terminal T}, xy, ; is the interfering
signal from the ith interfering terminal Jj ; to the terminal 7}, and
ny, is the additive noise from the terminal 7),_; to the terminal T}.
Assume that the fading channel coefficient oy, and (3, ; and the noise
ny, are independent zero-mean circularly symmetric complex Gaussian
random variables with variance A2, ,uil and Ny, respectively. The
channel variances \7 ; and p ; are given by A7 ; = nD; /" and 7 ; =
nD; J’f , respectively, where 7 is the propagation constant, D; ; is the
distance between the terminal ¢ and the terminal j, and v is the path
loss exponent.

For the dual-hop AF relaying system, in the second phase, the relay
amplifies the received signal y; and forwards it to the destination, and
then, the destination receives the amplified signal from the relay and
the interfering signals from [ interfering terminals. At the destination,
the received signal from the relay and I interfering terminals is
given by

Iz

y2AF =Gopy + Z Ba2,iT2i + N

=1

Iy I
=Gogonwy o + Gog g B,iw1,s + E B2,iT2,;

i=1 i=1

+ Gagng + no (2)

where G is the amplification factor at the relay. From [5], [6], and [8],
the relay gain is chosen to be
1
G=—3 A3)

ea?

where the relay just amplifies the received signal with the inverse
of the channel between the source and the relay. As mentioned in
[5] and [6], such a relay serves as a benchmark for all practical AF
relaying systems. In addition, it makes the statistical analysis more
tractable.

For the dual-hop DF relaying system, in the second phase, the
relay decodes the source data x o, reencodes, and forwards it to the
destination, and then, the destination receives the reencoded source
data x5 o and the interfering signals from I, interfering terminals. At
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the destination, the received signal from the relay and I5 interfering
terminals is given by

Iz

y?F = QX2 + Z B2,i%2,i + no. “4)

i=1

III. OUTAGE PROBABILITY

A. AF Relaying System

For the dual-hop AF relaying system, from (1) and (2), the received
signal-to-interference ratio (SIR) at the destination is given by

—1

I Iy
1 1
AF 2 : 2 2 : 2
Y2 P0|Oz1|2 ' 1, + P ‘02|2 . 2, |527 |
i=1 =1
1 1711
=t — 5
[Xl * XJ )
where Py = |xy, o|? is the transmit power per hop, Py ; = |z ;|? is

the transmit power of the interfering signals, and the random variable
Xi = Polag >/ 205 | Pyl Brl? for k = 1,2.

Theorem 1 (PDF of X}.): Let the channel gains |a|? and |8y, ;|2
be independent exponential random variables with hazard rates 1/
and 1/pg,, k=1,2 and ¢ =1,..., I, respectively. Then, given
a random variable X, = Py|ag|?/ Zfil Py, ;| B.:|?, the probability
density function (pdf) of X} is given by

p(2) T (2)

i1
JQk Qp, [DES !

.5 (k) — 6

ka(J? ; g Xi ] k Qko ( + Qkyo ( )

where Qk,o = Po)\k, Qk,i = Pk,iu/k,i’ Qk = diag(th ey

Qi Q1. )s p(y) denotes the number of distinct diagonal

elements of Qp, Qi 1) > Qg (27 > -+ > Qp () are the distinct
diagonal elements in decreasing order, 7;(€2},) is the multiplicity of
Qp,pip> and x;,; () is the (7, 7)th characteristic coefficient of €2,
[13,eq. (129)].
Proof: See Appendix A. |
For example, when all of €2, ; are equal, that is, {2, = Qy, ; fori =
1,2,..., I, then the pdf of X, is rewritten as

—Ip—1
1+ . (7)
Q0 ( Qk,o)

For another example, when all of {2, ; are distinct, that is, Qj ; #
Qy,,; for i # j, then the pdf of X, is rewritten as

ka (‘T) =

I I Q -1 Q
_ 1 - Sk ki 4
=3 M(-52) famses ®
1= 1=
JF#i

Lemma 1 (PDF of 1/ X}): With the help of [14, Ch. 5.2], the pdf of
Y, = 1/X is given by

P(Qk)"'z(gk) Q j 1 Q —j—1
- i ﬂ k0 -+ k0 .
faly Z Z P (82 (%m) (y Q10

)]

Lemma 2 (MGF of 1/X},): From Lemma 1 and [15, eq. (1.2)], the
moment generating function (MGF) of Y;, = 1/X}, is given by

5
)ﬁf(, : Q:fj) (10)

where I'(j) is the Gamma function defined as I'(j) = (j — 1)! for
a positive integer j in [16, eq. (8.310.1)], and ¥(a, 3, z) is the
confluent hypergeometric function of the second kind defined in [16,
eq. (9.211.4)].

Theorem 2 (CDF of v3'F'): For the dual-hop AF relaying system
with multiple interferers, the cumulative distribution function (cdf) of
~3tF is given by

p(Q) 7 (2g)

MYk Z Z XZ,] Qk ]F

i=1

p(21) 7 (21) p(22) 7 (22)

FWEAF —1*2 Z Z Z ijﬂl le(ﬂ2)

+Q1,[¢]’7 - H_Qz,[m o
Q1,0 Qa0

an

Fj+m+1)

JmI ()T (m) (1

X oFy (4,m; 5 +m + 15“1(’7))]

where 5 F (a, b; ¢; z) is Gauss” hypergeometric function defined in [17,
eq. (15.1.1)], and

v+ Q17 | Q2,7
Q Q
mo(7) = T T g (12)
(1+5) (%)
Proof: See Appendix B. |

Corollary 1 (PDF of v4*¥): For the dual-hop AF relaying system
with multiple interferers, the pdf of v5'7 is given by

p(21) 7 (1) p(Q22) 7 (22)

Faar@() =Y D X (2)X1m (22)

i=1 j=1 I=1 m=1

n Qv 14 QoY -
r'(j+m+1) Qo Qa0

y J, 4 n m8a [
Qio+Qgy Qa0+ Q2

X oFy (j,m; j +m+1;k1(7))

SLONOINGD (1

ij1,[¢]Q2,[z]f‘€2(W)7
(7 4+m+1)Q1,02,0

X oI (j+1,m+1;j+m+2;m1(7))]. (13)

Proof: Taking the derivative of (11) with respect to v and using
the expression for the derivative of the hypergeometric function, which
is givenin [17, eq. (15.2.1)] as

d b
d—gFl(a,b;c;z) = %gFl(a—i-l,b—i—l;c—i— 1;2) (14)
4
we obtain the pdf of 5! in (13). [ ]
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Using Theorem 2, the outage probability of the dual-hop AF relay-
ing system with multiple interferers can be obtained as

Poui () = Pr [,yng < %h] = Far (Vtn)

p(21) 7 (1) p(22) 7 (22)

33 S @) ()

i=1 j=1 =1 m=1

JgmI'(§)T'(m) 1+ Q4[4 Yen -
I'G+m+1) Qi
Qoyen \
X 1 _|_ ol
(1+ %

X oy (j7m;j+m+1;f<1(%h))]~ (15)

=1 —

B. DF Relaying System

For the dual-hop DF relaying system, from (1) and (4), the received
SIRs at the relay and the destination are, respectively, given by

pF || |zx,0]* Polou|?

Te = I = I
E ‘6k,i 2|55k,¢|2 Z Pk,i|ﬁk,i‘2
i=1 i=1

=X, k=12

(16)
The outage probability of the dual-hop DF relaying system with
multiple interferers can be defined as the probability that the minimum
of its single-hop SIRs is below a given threshold SIR ~;y,. Using the
cdf of X, in Appendix A, the outage probability of the dual-hop DF
relaying system with multiple interferers can be obtained as

PR5 () = Pr [min (777, 99") < 7|
=1=Pr[77" > %8 " > Y]
=1- (1 - FX1 (’Yth)) (1 - FX2 ('Vth))

p(21) 7 (1) p(22) 7 (22)

Z Z Z Xi g (21)X1,m (£22)

i=1 j=1 I=1 m=1
O [i] Yth - Qy [i] Yth o
x (14 —F— 14+ —=—
< Q10 Q2.0

IV. NUMERICAL RESULTS

—1—

a7

Suppose that A\, = pp,; =1 for ¢ =1,...,I; and that the SIR
per hop is defined as o = Py/P;, where Py = 21121 Py, ;. Assume
co-channel interferers with equal power, that is, Py ; = P for ¢ =
1,..., . Fig. 2 shows the outage probability versus SIR per hop
for the dual-hop AF and DF relaying systems over Rayleigh fading
channels with the threshold SIR 7, = 3 dB. It is shown that the
analytical results perfectly match the simulation results. It is also
shown that the outage probability becomes small as the SIR per hop
increases or the number of interferers decreases. It is worth noting
that the DF relaying system provides better performance than the AF
relaying system at low SIR per hop. However, the performance gap
between the AF and DF relaying systems becomes small as the SIR
per hop increases.

Fig. 3 shows the outage probability versus number of interferers
for the dual-hop AF and DF relaying systems over Rayleigh fading
channels with ~4,, = 3 dB and ¢ = P,/P = 25,30 dB. It is shown

10
¥
\é\\é\
1 .
510 ¥
2
Ke)
2
a
[>)
an
8
=
O 402
E ________ AF, analysis
Ll * AF, simulation
| | —— DF, analysis
© DF, simulation
103 : I
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SIR per hop [dB]

Fig. 2. Outage probability versus SIR per hop over Rayleigh fading channels
with v, = 3 dB.
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Fig. 3.  Outage probability versus number of interferers over Rayleigh fading
channels with v, = 3 dB and { = 25, 30 dB.

that the analytical results and the simulation results are in excellent
agreement. It is also shown that the outage probability becomes large
as the number of interferers increases or the SIR per hop decreases. In
addition, the outage probability of the DF relaying system is smaller
than that of the AF relaying system, and the performance gap between
the AF and DF relaying systems becomes large as the number of
interferers increases.

V. CONCLUSION

In this paper, we have investigated the dual-hop AF and DF relaying
systems with multiple interferers over Rayleigh fading channels. We
derived the closed-form expressions for the outage probability of the
dual-hop AF and DF relaying systems with multiple interferers, which
have arbitrary transmit power. The validity of our theoretical analysis
was verified by comparison with Monte Carlo simulations. In addition,
it was shown that the DF relaying system provides better performance
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than the AF relaying system at low SIR per hop. However, the
performance gap between the AF and DF relaying systems becomes
small as the SIR per hop increases.

APPENDIX A
PROOF OF PROBABILITY DENSITY FUNCTION OF X},

The random variable X, can be rewritten as

Polaw*  _ Ax

X, = T
> Pril Bril?
=1

B, (18)

where Ay, = Po|ay \2 is the exponential random variable, and the ran-
dom variable B, = Zfil Py il Br.i|?
not necessarily identically distributed exponential random variables.
Then, the cdf of the exponential random variable Ay, is given by

a
Qo )
b
71 ex — . 20

p( Qk,m) 20

From (19) and (20), the cdf of X}, is given by

Fy4, (a) =1—exp <— (19)

In addition, the pdf of By, is given by [18]

p(2) 7 ()

:ZZX”(’“ )

i=1 Jj=1

fB, (b

Fx,(z) = Pr (% < x) =Es, {Fx,5,(2)}

p(Q) 7 (2)

_I’Z ZXW Qk )

. 1
x [V lexp |- [ =2 + b| db
/ P [ (Qk,o Qe 1)
0
() 73 () Q
1

3 3 (1 gtte)

where the last equality follows from the fact that f Ooo e PTpi~ldy =
I'(q)/p? for R(p) > 0 and R(g) > 0 in [16, eq. (3.385.5)] with R(x)
denoting the real part of x.

Taking the derivative of (21) with respect to x, we obtain the pdf of
X, in (6). |

@n

APPENDIX B
PROOF OF CUMULATIVE DISTRIBUTION FUNCTION OF v4'¥

Let us define a new random variable Z as
(22)

Under the independence assumption between X; and X, the MGF
of Z is given by Mz(s) = My, (s)My, (s), where Y7 = 1/X;, and
Y5 = 1/X5. Using Lemma 2, the MGF of Z is given by

p(21) 7 (21) p(£22) 7 (22)

Z Z Z 3 X (X0 (€22)

m=1

0 0
s gmDHTm)W (5,0, 220 g (4,0, Z220) (23
Qo Qa0

On the other hand, the cdf of 4! can be given by

Pr (" <)

1 1 1
—Pr<AF>>—Pr<Z>>
Y2 vy v
zl_pr<2<1)=1_F2(1)
vy vy

where Fz(-) is the cdf of Z. Using the differentiation property of
Laplace transform, the cdf of Z is given by

Pate) = ot (22

Foar(y) =

(24)

(25)
S

where £71(+) is the inverse Laplace transform.
Substituting (23) into (25) and using (24), we obtain the cdf
of v as

Foar(v)

p(21) 7 (1) p(22) 7 (22)

Z Z Z ZXi,j(ﬂl)Xz,m(Qz)I‘(j)F(m)
i=1 j=1 I=1 m=1

Jmg (.o 582 58 1
xXq=—WU| 5,0, U(m,0
{ S (] QI,O > ( QQ’O
z=1/v
(26)
With the help of [19, eq. (3.34.6.3)] as
£t (sc_l\ll(a, c;08)¥ (b, c; ws))
2t =¢(g + o)z +w) 7P
Fl+a+b—c)
z(x + o0+ w)
F b; 1 b—c—m——— 27
X2 1(a tat (x—|—cr)(x+w) @7)
we obtain the cdf of v4' in (11). [ |
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With Adaptive Modulation and Coding Scheme
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Abstract—In wireless packet networks, the performance of multiuser
diversity schedulers has been analyzed with the saturation assumption;
however, the finite queue length effect should be taken into account.
We propose a new scheduling scheme exploiting multiuser diversity that
considers not only channel information but queue information as well.
Considering the finite queue length effect and adaptive modulation and
coding scheme (AMCS), we analyze the performance of the proposed
scheduler.
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I. INTRODUCTION

One of the most notable techniques in increasing network capac-
ity is the multiuser diversity scheduling scheme, which exploits the
independence of channel fading among users. For the purpose of
efficient spectrum utilization, the multiuser diversity scheduler allows
the user with the best channel condition to access the medium on each
scheduling instant. However, to fully extract the multiuser diversity
gain, the base station (BS) needs to know the channel-quality indicator
(CQI) information for every mobile station (MS) in the cell area.
Accordingly, feedback information in the network linearly increases
as the number of MSs increases. The feedback-reduction scheme is
required to mitigate this feedback overhead, and many scheduling
schemes [1]-[3] have been proposed with reduced feedback infor-
mation. In [1], the signal-to-noise ratio (SNR) threshold has been
introduced to reduce feedback information. In [2], the quantized CQI
has been used to represent an MS’s channel state. Moreover, in [3],
only one-bit feedback information has been used, and the capacity of
this scheduler is close to the proportional fair scheduling scheme [4].

Another issue in schedulers extracting multiuser diversity gain is the
fairness problem and performance analysis. The MS located close to
the BS actually monopolizes network resources, and the MSs located
far from the BS hardly have the chance to access a channel, resulting
in a severe fairness problem. As a remedy to this fairness problem,
the proportional fair scheduling scheme [4] has been proposed, and it
has achieved strict fairness. In [5], the scheduling scheme of adjusting
tradeoff between capacity and fairness has been proposed, and this
scheme has been extended to the case of selecting multiple MSs [6].
In most performance analysis for the scheduler extracting multiuser
diversity gain, all the MSs are assumed to have infinitely backlogged
data waiting to be transmitted. As far as the adaptive modulation
and coding scheme (AMCYS) is concerned, the detailed performance
analysis considering finite queue length has been conducted in [7].
This analysis deals with AMCS with a finite queue; however, it does
not cover the multiuser diversity gain. In [8], the queuing model for the
multiuser diversity scheduler has been analyzed based on the theory of
effective bandwidth. However, channel states are simplified into two
states.

In this paper, we propose a scheduling scheme that extracts the
multiuser diversity gain and uses not only channel-state information
but queue information as well. To jointly utilize channel-state infor-
mation and queue information, the finite queue length effect should
be considered in performance analysis. We analyze the performance
of the proposed scheduler concerning both AMCS and finite queue
length.

II. SYSTEM MODEL

Our system is based on the time-division duplex (TDD) mode, and
the fixed frame length is assumed. We consider uplink transmission in
TDD with total 7" MSs locating around the BS. The scheduling scheme
in this paper can be easily extended to the downlink channel. On each
scheduling instant, MSs send CQI information through the feedback
channel, and the BS selects a single MS. The selected MS transmits
data over the fading channel. In this system, the delay in the signal
transmission is not considered, and the error-free feedback channel is
assumed. The system model for a scheduler extracting the multiuser
diversity gain is depicted in Fig. 1. As aforementioned, AMCS and
buffers are adopted in this system. The MSs report CQI information
through the feedback channel, and the BS sends AMCS control and
selection information to the MSs.

0018-9545/$26.00 © 2010 IEEE
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