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Abstract

The outage probability performance of a dual-hop amplifg-forward selective relaying system
with global relay selection is analyzed for Nakagamifading channels in the presence of multiple
interferers at both the relays and the destination. Twoerdfit cases are considered. In the first
case, the interferers are assumed to have random numbeoeatébhs. Outage probability using the
generalized Gamma approximation (GGA) in the form of onmaatisional integral is derived. In the
second case, the interferers are assumed to have fixed namdbdocations. Exact outage probability
in the form of one-dimensional integral is derived. For bo#ises, closed-form expressions of lower
bounds and asymptotic expressions for high signal-tafietence-plus-noise ratio are also provided.
Simplified closed-form expressions of outage probabilitydpecial cases (e.g., dominant interferences,
i.i.d. interferers, Rayleigh distributed signals) aredsta. Numerical results are presented to show the
accuracy of our analysis by examining the effects of the rema@nd locations of interferers on the

outage performances of both AF systems with random and fixidférers.

Index Terms

Amplify-and-forward, interference, outage probabiliBoisson point process, relay selection.

. INTRODUCTION

Wireless relaying can extend the network coverage by usilegiodes as relays in the network.
It can also provide diversity gain by using idle nodes astinl” antennasi|1]. Consequently,
a huge amount of works have been conducted on its applicatidature wireless networks.
Among all the relaying strategies, amplify-and-forward=jfand decode-and-forward (DF) are
perhaps the most widely used ones. In AF relaying, the sobrcadcasts its information to
the relays in the first phase and then the relays simply amtié received signals from the
source and forward them to the destination in the secondepldsle in DF relaying, the source
broadcasts its information in the first phase but the relayse o decode the received signals
from the source and then re-encode the signals before fdimgathem to the destination. Due

to its lower complexity, AF relaying is more attractive fayrse applications [2]. On the other
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hand, in practical systems, it is often the case that mone ¢im@ idle nodes are available at the
same time such that multiple relays can be used by the solira#.the idle nodes are used

in wireless relaying, orthogonal channels between relay® to be used in the second relaying
phase such that the relayed signals will not interfere wattheother. This will reduce the usage
efficiency of the system resources considerably. To soligegioblem, relay selection can be
used by choosing only one node out of all available idle naddake second phase![3]. It can

be shown that relay selection can achieve the same divegaity as the scheme that uses all
available idle nodes, with proper desighs [4]. Thus, thisgpdocuses on relay selection using
AF as an effective technology to achieve reliable commuitna.

Several researchers have studied the performance of relagtisn using AF. In[[5], the
optimal relay selection criterion was proposed by selgdiie relay with the largest instantaneous
end-to-end or global signal-to-noise ratio (SNR) for foréiag. The performance of this criterion
was analyzed in_[6]. In[7], two suboptimal relay selecti@hames based on two upper bounds
to the instantaneous global SNR were proposed and analiRaefdrence([8] proposed partial
relay selection scheme where relay selection is based gntlomlinstantaneous SNR of the first
hop. In [3], both the optimal selection scheme and the pati@ction scheme were analyzed for
Nakagamim fading channels. Two new partial relay selection schemea® &kso proposed in
[3]. However, none of these works considered the interfesrirom other transmitting sources
in the network. In a multiple-access system or a frequeraged cell, interferences from other
transmitting sources, such as interferers, may cause rpafice degradation and therefore,
cannot be ignored. Moreover, the positions of the nodes matlgenoptimized such that interferers
may be randomly distributed. In this case, the spatiallyayed (over the distributions of the
positions) performance metrics may be of more practicafoiseystem design and optimization
by considering random locations of interferers. ReferdBtprovided the closed-form expression
of the outage probability of dual-hop AF relaying in the gese of interference at the destination
over Rayleigh fading channels. Reference [10] analyzeatitege probability of a dual-hop AF

relaying system where both relay and destination are ertedfby a single source in Nakagami-
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m fading channel. However these two works either considereztferers only at the destination
over Rayleigh fading channels or only a signal interferefixéd location.

In this paper, we provide a comprehensive analytical fraonkwo derive the outage probability
performance of an AF relay selection system where the redaffer from path loss, independent
but non-identically distributed Nakagami-fading as well as Nakagami- interferences. In the
first case, the interferers have random number and locatibmis is the case for multiple-
access systems with mobile nodes. In the second case, théeipts have fixed number and
locations. This is the case for fixed-access wireless systenere wireless interconnections are
mainly provided to replace wires with considerably low dtldi mobility. The optimal criterion
that selects the relay with the largest instantaneous bkiaal-to-noise-plus-interference ratio
(SINR) is studied. The exact outage probability in terms itiex one-dimensional integrals or
closed-form approximations are derived. Also, lower bautal outage probability are given.
Finally, asymptotic expression of outage probability inyRagh fading are studied for large
SINR values. Numerical results are presented to show th&a@acg of our analysis and therefore
to examine the effects of interferences on relay selectsinguAF.

The remainder of this paper is organized as follows. Sedtiamroduces the system model.
Section 1l considers the case when the interferers havdorannumber and locations, while
Section IV studies the case when the interferers have fixedbeu and locations. Numerical

results are presented in Section V, followed by concludemarks in Section VI.

II. SYSTEM MODEL

Consider a wireless relaying system with one soufcene destinatiorD and multiple relays
Jof R;,j=1,2,---,J. There is no direct link between the source and the destimatrhich is
the case when relays are used to extend network coverage Hredfocus of this paper. All nodes
have a single antenna and are in half-duplex mode. Assuréhira arel* interferers ofl;”,
i=1,2,---,I%, and I’? interferers oflJ?, v = 1,2,---  [74, that are transmitting at the same

time as the source to theth relay and the-th relay to the destination, causing interferences to
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the j-th relays and the destination, respectively. Assume tietdistance between the sourge
and thej-th relay R;, the j-th relay R; and the destinatio®, thei-th interferer[fj and thej-th
relay R; and thev-th interfererI7¢ and the destinatio® arels;, l;q4, l;; andl,;, respectively.
Also, assume that the path loss betweeand R;, R; and D, I}’ and R;, I’* and D aren(l,;),
n(l;a), n(l;;) andn(l,;), respectively. As the singular path loss model leads to attjal power

condition in the network wheh< 1, we assume the non-singular model for the path loss as

n(l) = 1)

wherej is the path loss exponent.

In the case when the interferers have random number anddosatve assume the numbers
I¢7, [’ and the distancek;, [,; are random. We assume a Poisson point process (PPP) with
density \; for the spatial distribution of the interferers. Then, thehability density function

(PDF) of the number of interferers is given as

1
Prii=1I}= Lfﬁf) eMAL T =0,1,- - )

where A; is the distribution area of interferers. Also, we assumeé tha distance follows

a general distribution with a PDF of;(z) which can be specified for different applications
considered. In the case when the interferers have fixedidtmsatboth the number of interferers
and their locations are fixed such th&t, 179, l;; andl,; are deterministic values.

The received signal from the souréeto the j-th relay R; is given by
159
Ysj = v/ Shsjhsj + Z VQijhijri; + ng; 3)
=1
and it can be further amplified and forwarded such that theived signal at the destination is

given by

Ve

Yjd = \/deh]’d . Gj “Ysj + Z \/ ijhvjl'vj + Nj4 (4)
v=1

where),; = K;Pyj|hg;|*n(ls;), Qja = KjaPjalhjal*n(lja), Qi = KijPy|hi;|*n(l;;) and Q,; =

K.;P,;|h.|*n(l,;) are the average power of the Nakagamfading gain in the channel between
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the sourceS and thej-th relay R;, the j-th relay R; and the destinatiol, the i-th interferer
Ifj and thej-th relay R;, the v-th interferer7/¢ and the destinatio, respectively,P;;, Pja,
P,; and P,; are the transmitted power &, R;, I’ and I/, respectivelyK,;, K;4, K;; and K,
are constants that take other power factors, such as anggmmaand the average signal power
factors, into accounty;, h,4, hij andh,; are the fading gains with unit average power between
S and R;, R; and D, I’ and R;, I’* and D, respectively, =;; andz,; are the transmitted
symbol of S, Ifj and I7%, respectivelyn,;, n;q are the additive white Gaussian noise (AWGN)
in the channel betweefi and R;, R; and D, respectively, andx; is the amplification factor.

In the above, assume enough distances between relays améebesource and relays and
between relays and destination such titat|, j = 1,2,---,J, are independent of each other,

|hja

,j=1,2,---,J are independent of each other gnd;| are independent gf;,4|. Similarly,
we assume that,; are independent of each other for differgrandn;, are independent of each
other for differentj andn,; are independent of;,. Also, assume enough distances between inter-

ferers at the relay and between interferers at the desiimatich thaﬂfj, vi=1,2,--- I,

at R, are independent of each other, respectively, &ffd |h,;|, v = 1,2,---, 7% at D are

independent of each other, respectively. We also assuraddrdgrs change from broadcasting
phase to relaying phase such that interferences at thandtisti are independent of those at the
relays. Note also thak”, |h;| are independent of/?, |h,;|, respectively, for different values
of 7, as it is not possible to have the same interferences in grealsi from different relays to
destination. Otherwise, the relays have to transmit thigmads at the same time in the same
frequency band and the destination will not be able to teliclvisignal is from which relay.

Based on discussions above, we assume independent Nakagtading channels such that

2

the fading powerghg;|?, |h;ql?, |h

1%, and |h,;|? are independent Gamma random variables
with shape parameters,;, m;q4, m;;, m,; and scale parametetsmg;, 1/m;q, 1/m;;, 1/m,;,
respectively, where the Nakagami parameters are assumed to be integers. Also, assume
E{|z|*} = 1, E{|z;]*} = 1 and E{|z,;|*} = 1 such that the actual average signal power is

absorbed by,;, Q; andQ,;, respectively. Denote?; = E{|n,;|*} as the noise power between
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S and R; ando?, = E{|n;.[*} as the noise power betwedty and D. Let Y;; = 317, Q,;|hy 2
andYj, = Z Qw|hw|2 Define the SNR betweefi andR;, R; and D aSVSNR w

O'Sj

ydeR M, respectively, the interference-to-noise ratio (INR)vwenS and R;, R,

Jd

and D asy/NR = B0l (INR - PUs regpectively, and the SINR betwesrand R;, R; and

o“.
sJ J

SINR _ E{Qs;|hs;|%} SINR E{Qjalhjal*}
D as~,; = BV} = B0 respectively.

Using these assumptions, for variable-gain relaying, theldication factor is given by

G — ! . (5)

\/Qsj|h5j|2 + Us] + ZIS] Qz]|hij|2
Using (B) in [4), the instantaneous end-to-end SINR ofjitle relaying link can be derived as

Il

D= —%Jd 6
7T+ T+l ©
where
Oyl hs;|?
I, = 223" 7
and
Qjalhjal”
o 2hgdltydl 8
jd sz'd‘FY}'d ( )

In relay selection, the relay with the largest end-to-erslantaneous SINR is selected. Thus,

the outage probability for a threshold of, is given by
Po(fyth) = P’f’{maX{F]} < ’Yth}a j = 17 27 e 7'] (9)

where~,, = 22 — 1 and R is the transmission rate. In the next sections, this outagleahility

is derived in different cases.

[Il. RANDOM INTERFERERS

We first consider the case when the interferers have randanb@&uand locations. In this
case, the randomness comes from the Nakagarfzdieing powers, the number of interfereirs
and [’? as well as the distancég and/,;. In the first subsection, the PDFs Bf; andY}, are

derived using the generalized Gamma approximation (GGAhair closed-form expressions are

DRAFT June 12, 2018



difficult to obtain, if not impossible. Then, closed-formpegssions of the PDF and cumulative
distribution function (CDF) fotl’y; and[l';; are derived. In the third subsection, outage probability
is derived when the relay with the largest instantaneousterhd SINR is selected. Note that
the analysis of outage probability in this section can als@tnsidered as an exact result when
each relay and the destination have only one fixed interfladowing generalized Gamma

distribution.

A. PDF of Y,; and Y},

Exact closed-form expressions for the PDFggfandY’; are not available and are difficult to
obtain. As a result, only moment generating functions (MGF<’;; andY, for independent and
identically distributed (i.i.d.) channels are availabidahe literature/[11], which use either two- or
three-dimensional integrals and thus are very complicatetinot convenient to use. Therefore,
it is nearly impossible to get the closed-form expressianstfie PDFs and CDFs df;; and
Y;q from these MGFs because the inverse Laplace transform isefuneeded. Thus, in the
following, we will use GGA by matching the first-order, sedeorder and third-order moments
of Y; andYj, to the first-order, second-order and third-order moments géneralized Gamma
random variable. To the best of the authors’ knowledge, radribe works in the literature have
considered using GGA to approximate the distribution ofdan interferers. Numerical results
in Section V will show that the GGA approximation has a verpdanatch with the simulation
results. AsY,; andY), have the same distribution but with different parametess approximate

the distribution ofY}; first. One can get the approximate PDFaf using GGA as

Psj
O )
J i— ]
o d Psj ag; P atile \"
fYSj(xaasj7 Sj7psj> a.
DPsj

whereI'(-) is the Gamma functiornd,; > 0,p,; > 0 are shape parameters ang > 0 is the

,x >0 (10)

scale parameter to be determined [12]. It is shown in AppeAdihat one can calculatg,; and
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ds; in (10) by solving the two equations as
dej+1 dgj+2\ _ B{YYE{Y2} dsj dsj+3
B(% ) = e (5 5

B <dsj+1 dsj+1> _ By g (dsj dsj+2>

Dsj ) DPsj E{ij} st’ Dsj

(11)

where E{Y;}, E{Y>} and E{Y} can be found in[(44)[(45) and {46), respectively, and then
one can calculate,; by inserting the solved values pf; andd,; into one of the equations in
@7). Also, when all the interferers are i.i.d., with thefheff ¢* = 5277 A1, e = 157 1A

or d = L 3% I(1 - 1) [13], B{Y,;}, E{Y2} and E{Y} can be simplified as

( .
E{Y} = IV K Py

oi mii+1 oi
E{Y2} = I K3 Plip,is " + (19)? Ko i Py Ky Py o5 12)
E{Y3} = [ K} Pt ity 4 (19) K2 P iy Poag T i

ij* ij m?, i1j " Q1]

| )P K, 5Py Ko Py Ko Pt 15

The PDF expressiogfyjd(:c; aja, dja, pja) Of Yjq can be obtained using the same method as

above. They are not listed here due to the limited space.

B. PDF and CDF of I';; and I';,

DenotelV,; = ,; |hy;|*. Since|h,;|” is a Gamma random variable with shape parametgr

and scale parametéym,;, W, is also a Gamma random variable with PDF

msj) gl s,

i) = (52) e >0 a3

Also, denoteZ,; = Y;; + o2, where the PDF ofZ,; is determined byf,  (z) = fy,,(z — 02)).

571 sj

Thus, one ha$’; = VZVJJ and the PDF of’,; is given by
stj (u) = / |l'| stj (xu) fysj ([L’ — o'gj) dr. (14)

Using (10) and[(13) in[(14) and defining; = I,;/k,; such thatged(ls;, ks;) = 1 whereged(-, )

is the great common devisor operator/[14], one has

Msj o2 . .
I _W _dsj+m5j_rl_1Gij7lSj —lsj I<lsj7 1 o dS] o Tl)
stj (u) - : : 'ulvsjvrle vu lsj,ksj ’uovsju )
r1=0 I(ksju 0)

(15)
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—deidmes—r S
dgitri—% 2(mgi—r1) (mg; sjTMsj 1 —dg; _Fsj lsj
I S Fagpsjmaila,, ™ (2m)= 2 2+
where; 5, = i » Ho,sj =
ril(mg;—r1)!T(ms;)T E;'

k1 a (’;;_) N I0,€) = (€/n (€ +1)/n. - . (E+n — 1)/n) and G=4(-) denotes
the Meijer'G-function [14] which is available as a built-iunction in many mathematical
software packages, such as MATLAB, MATHEMATICA and MAPLE.

Proof: See Appendix B.

Also, one can get the CDF df,; as

myt oy Il 1 —d
_ Msj%sj j - | T3)
_ o —dgi4ro—r3 k'sjylsj 1. 87 S)
Fst (u) =1- E E H2,s5,ro,r5€ ou Glsjvkisj Ho,sju
ro=0 r3=0 I(ksja O)
1 —dgi+ro—r3 k l (l )
dgitrz—5% o _ Mo sj —dg,; _Bsj _lsj
[T g2 73>(_Q;{) ksjpsjag; W (2m)" 2 T2
where g s rp 1y = i
r3!(ro—r3)!T’ —psz

Proof: See Appendix C.
The PDF and CDF of'y; in (I5) and [(16) in terms of the Meijer'G-function are comgut
tionally complex. Therefore, we provide the high SINR apgmmations next that have simpler

forms. Using the following Taylor’'s series expansion

N n
x_' +o(zV), as z—0, a7

n!

n=0

whereo(z) denotes the higher-order term of an arbitrary functidm), one can get the PDF

and CDF ofT',; as [18) and[(19), respectively.

N1 N3 msj

Fro @) =" tssrimnst™ T 40 [(w/Qg)N] + 0 [(03u/Q9)™ ], (18)
n1=0n3=07r1=0

. mgi+ny+ng+l _—mgi—ni—ng 2(mg;—r1+n3) de:+nq+r
(_1)n1+n3a’;bj1+71m 'sj 1 3 Q sj 1 30_ sj— "1 3 r sj 1771

5] sj si Psj

where H5,s5,r1,n1,m3 =

n1!n3!T(r1+1)C(mgj—r1 +1)F(%>

No Ny msj_l T2

FFSJ (u) =1- Z Z Z Z :uﬁ,sj,mﬂ“:smz,N4un2+r2+m +o [(U/QSJ)NQ} +o [(Ugju/gsj)]\u} )

na=0n4=0 r2=0 r3=0
(19)

no+ro+n
_1)n2tnggnetrs 2ra—rztny) ((Ms) 2rr2 4p dsjtnotrs
(1) Gsj "0 Q5 Psj

Whereﬂﬁ,sjﬂ"zﬂ‘s,nz,m = au;
nalnalrs!(ro—r3)!T (—])

Psj

Proof: See Appendix D.
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In high SINR conditions whefi2,; — oo or o—gj — 0 or in the low outage regime when— 0,
one can get rid ob [(u/Q;)M], o [(u/Q;)™?], o [(02,u/Q;)N?] ando [(o2u/Q;)™N] in (@8)
and [19) to obtain corresponding approximations, respalgti

The PDF and CDF expressiorfs ,(u) and Fr,,(u) and their high SINR approximations can

be obtained using the same method as above. They are ndthiste to make the paper compact.

C. Outage probability

Using the derived PDF and CDFs Bf; andI';; in the previous subsection, the CDF of the

instantaneous end-to-end SINR [ (6) can be derivedlas [3]

o |
FE(x)= [ Pri—222% _ <zt (t)dt
F) = [ pr{ e < 0

& 22+ x+ at
o [ (T
0

(20)

One can see thaft (R0) only has one-dimensional integrachvban be calculated numerically

using mathematical software. Also, by using the lower boasd

Fr(z) 21— [1 = Fp, ()] [1 = Fr ()] = FEP (@), (21)

one can get the lower bound to the CDF as

mg;—1 mig—1 7l , 2 2
sJ T2 jd 2 Mgjog;®  ™Mjidojq%

LB — E E E § T O, Q- —dsj+ro—r3—d;q+rh—rh
FFJ (x) - 1 - M2,5j,7’277“3u2,jd,7‘/2,7'é6 * il T * 7 ? 3

re=0 r3=0 r{,=0 r{=0

I(lsj, 1-— dsj — T3) I(ljd, 1-— djd — Té)

ksjlsj Ly kjdslja —lig

Glsj 7ksj 'LLO’ij v ljdvkjd 'LLO’]dx ! | ’

I(ks;,0) I(k;4,0)

(22)
/ /
digtrh—L ol _pty fm.,\ ~%d T2 —d; _kja_Lja
. ljgld 3 onévg 73)(%) kjdpjdajdjd@ﬂ e d
where idorl ol = an L=
:u2,jd,r2,r3 (e )IT dja ,Uo,gd
3273 By

L Fidjlia  ~Riapsa ((mja ~ly
jd  “jd 7id Qja '

Also, if one inserts the CDFs of high SINR approximation®i@1) and with the help of
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(43), one can get the asymptotic expression of the CDF as

N Ny msi—1 po Ny Nj mjg—1 5

FFOJO(.T) =1- Z Z Z Z Z Z Z an2+r2+n4+n’2+r§+ng

n2=0n4=0 7r2=0 r3=0 n’2:O nil:() ré:O r;:O

/ / /
(_1)1@2—i-n4+n’2+n21 2(ro—r3+na) _2(ry—rz+n}) ((ms; n2tratng mjd natTatny
oy Ol e 52

o E (}/*873{24-7“:5) E <Y;T(Li/2+7"ls)

nalnalra(rs — o) Sl — 75)]

(23)
a”2+T31—\<dsj+"2+7'fi> an3+rér<djd+n,2+7‘é)
notrs\ Psj no+rh\ I Pjd
whereE (Y1217) = (5 , E <de2 3) = o5
Then, the outage probability for AF relay selection is gin®n
J
P () = [T A% (un) (24)
j=1

whereV in (24) can ber usingFllEj (x) to get the exact outage probability usingFFLjB(x) to
get lower bound ando usingFﬁj(%h) to get the asymptotic expression for the outage probability
Using the simple form in (23), several insights can be oleigif-or example, in the low outage
regime wheny,;, — 0, the above result becomes exact. Also, one can see frdmh@B)vhen the
Nakagamim parameters of the interferenee; or m,; (> 1) are large and increase, the outage
probability remains almost unchanged. This is becaugeor m,; only have an influence on
the order of interference power, as can be seen ftain (44),ad& [46) in Appendix A, where
the c-th order moment of interference power(Y;;) or £ (Y;4) remains almost unchanged when
m;; or m,; are large. For small values ot;; or m,; (= 1), they still have some influence on
the outage probability, a@nfb—jl in (45) and% in (46) cannot be ignored if1;; ~ 1
(They approach 1 whem,;; — 0). This phenomenon will be shown in FIg. 1 by simulation in
Section V.
Also, one can see from (R3) that, when the SINR increases(jeor ;4 increase, ob?; or
af.d decrease, oF (Y;) or £ (Y},) decrease), the outage probability decreases accordinigigh
will be shown in Fig[B and Fid.l4 in Section V. Further, for fikBINR, if one decreases INR (i.e.
decreases the interference powe(Y;;) or £ (Y}4)), the outage probability still decreases. This
is because the order of the interference powey;;*™™) or E <sz'2+’”5> in (23) also affects

the outage probability. The rate of decrease becomes srhalh the diversity order (determined
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by m,; or m,4) is small. Therefore, when the signal experiences Rayl&aging (i.e.m,; =1
or mj; = 1), the outage probability remains almost unchanged if orangbs INR but keeps

SINR fixed. These explanations will be verified in Hi§j. 2 and.B in Section V.

Also, since the possible boundary of the interferers andpties loss between the interferer
and the signal have influence on the order of interferenceepdveferring to [(44),[(45) and
(48) in Appendix A), changing the possible boundary and thgsgoss also changes the outage
probability, even if one keeps the SINR and INR fixed. Simitabefore, for the Rayleigh case,
the outage probability changes little if one keeps SINR axR Fixed. These discussions will

be verified in FigLhb and Fi@]6 in Section V.

Another insight that can be obtained froml(23) is that, when or m;, increase, the outage
probability decreases, as,; or m,, are in the upper limits of the summations [n](23), which

will also be examined in Fid.]2 - Figl 6 in Section V.

D. Soecial cases

For the sake of simplicity, we now focus on the case when ttexfarences are dominant at
both relay and destination. By setting; ~ 0 and o7, ~ 0 in (23), one can get the asymptotic

CDF in this case as

/

no4ro nl4rl
msj—1 Nj mjq— 1 1)n2+n’2 <m5j> (mjd> 2 QE(}/;?2+T2)E<1/;ZQ+T2>

Qs

Y Yy ' o
’ng!’f’g!né!’f’é!

n2=0 ro=0 n2:0 r2:O

na+ro+nh+rl
x 2 27

(25)

S22 (dsj+n2+72) an2+r2F d;q+nh+rh
nao+re) Psj nyt+ry\ _ 94 Pjd
where E (Y/2*72) = - ,E(de _ - .
) = )l prid
Psj Pjd

In another special case when the signal experiences Rhyigng channel, by setting,;; =
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1 andm;q = 1, (23) is specialized to

! ! !
N. N, N, N! (_1\na+ns+nL+n,,)—n2—na)y~N2="Ny 2n4 2ny n2 Ng
2 Noo Moo Ny (1) 21 () de Ly E (Y;,J )E de

Fr(a)=1-3 > > > : nz!n4!n’2!nsj

Al
n2=0n4=0n,=0n}=0 4

no+ng+nb—+n
x 2 4’

(26)

n dgit+n nl d:g+n
where E (Y?) = asfr( 2 2> E (Yné> - “fgr( o 2>
90 p(d) jd ) (e

Then, using[(24), thesjoutage probability for trj]de two specédes above can be obtained.

IV. FIXED INTERFERERS

In this section, we consider the case when the interfereve fized number and locations.
In this case, the numbers of interferef$ and I7? as well as the distancds; and l,; are
deterministic such that they can be all treated as constahts only randomness comes from
the Nakagamin fading. Thus,I'; is a function of only the random channel gains. Note that
similar derivations have also been conducted for dual-h&prélaying without relay selection
in the literature [[10], [[15]+[23]. However, they either sider interferences at only one of
the relay and the destination [15]-[17], [19], [23], only iagde interferer [[10], for fixed-gain
relaying [18], for performance upper bounds|[20], for iféeence-limited case with identical
Nakagamim channels([21], or for Rayleigh channels[22]. In the follogi we will derive the
exact performance for the case when both the relay and thenalésn suffer from multiple
non-identically distributed Nakagami- interferers and we also consider relay selection in our

derivation.

A. PDF and CDF of I';; and I';4

Similarly, we derive the PDF and CDF &f;; first. SinceY;; = fol Qij|hi;|* and |h;;|* are
independent Gamma random variables, by proper scaligs actually a sum of independent
Gamma random variables. A closed-form expression for th& BDthis sum was derived in

[24]. However, this expression uses an infinite series ireotd consider the general case of
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arbitrary shape parameters and scale parameters. To disithfinite series in our result, we
use the PDF in([25] for the case when the Nakagamparameters could be different but are

integers. In this case, the PDF ¥f; is given by [25, eq. (4)]

Is3 159 myj
o= |IL(-22) | oy a0

i*=1 i=1 r=1

whereb;, is a constant given by [25, eq. (5);-;, m;-; are the same &aQ;;, m;;, respectively
for the samei and j and all other symbols are defined as before. It is derived ipefsdix E

that the PDF ofl'y; can be written as

187 mg; msgj R ijagju

E E E P1,s5,i4,i,r,f mS] m” f+r? (28)
u+ )

i=1 r=1 f=0

] F(mS])(T_l)' !

)MM} (—1>"bir(75§j) Y (7Y 02" I T ()

Isj QZ* .
Where(pl75j7ij7i7r7f = |iH’l*:1 (_m-*J-
and the CDF ofl’y; can be derived as

Msj 2

Isj mij; Mgj— 1 f ufe_ Qsj sj
FFSj(U) = 1—22 Z@Zsyzgzrfh ms]u_‘_%)h“rT’ (29)
i=1 r=1 f=0 h=0 Q 59 Qij

mgi \
I53 Qe \ T (=1)"bir (Tj) (ﬁ)(agj)f*hl“(h-kr)
Where¢27sj7ij7i7r7f7h = Hz*:l (_m J) ] .

i*j

Using (17) and the following Taylor’s series expansion
N
(14+2)” :Z Ja' +o(zY), as x—0, (30)

wheren and N are positive integers, one can get the high SINR approxonatfor PDF and

CDF of I'y; as [31) and[(32), respectively.

IS] Ns mij Mgy

Y S Y ™ 0 [/,

i=1 ns=0ng=0 r=1 f=0 (31)
0 [(ufu;/Q)™" ]
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Where s s;ijir f.nsme =
m

MsjtrstNG fm —fmrne s mgi—f+ng
[Hm (~22) m*}(lmb (52) 7T (E) GG

*=1 My T(mg;)(r—1)Ins! !

19 Ni N mij msj—1 f

U) =1- Z Z Z Z Z Z ()04,sj,ij,i,r,f,h,n7,nsuf—Hw—’_ng +o [(Ugju/QSj)Nq

i=1 n7=0mng=0 r=1 f=0 h=0 (32)
0 [(uS2i;/;)™]

Where S0473.7'77;.7‘7Z’77"7.}L‘7]II’77/L777/L8 =

" f+n-+n, . —h—r—m
N M (3) " (52) T DGy e

*=1 (r—=1)!fn7!

In high SINR conditionso [(02u/;)™], 0 [(u€; /)], 0 [(02u/Q;)™7] ando [(uf2i; /)]

mL*J

in the above equations can be removed to obtain corresppmgiproximations.

The PDF and CDF expressiotfs ,(u) and Fr,,(u) and their high SINR approximations can

be also obtained using the same methods as above.

B. Outage probability

Using the derived exact PDF and CDFslgf andI';, into (20), one can get the CDF of the
instantaneous end-to-end SINR in one-dimensional inkteghach can be calculated numerically
using mathematical software.

Then, following the same process as in Section Ill, one carhgelower bound of the CDF

as [38), when the exact CDFs Bf; andT';; are used,

jd
Is5 mg mgi—1  f  [3d my; mig—=1 [ -5 2‘ f - ] ]2d
U L

I—ZZ Z ZZZ Z Z m81u+5:nlj h+r(m3d _l_mw)h’—i-r

=1 r=1 f=0 h=0 v=11r'=1 f'=0 h'=

(33)
©2,5,ij.i.r, WP 2jdvdon f 0 = I FLjB(x)’

!

)‘mv*f} (=1)"b,, (n’j)f (ii)(o?d)f'*h’r(h'wf)

)T

L)

174 Q%
Where(p27jd7vd7’l)77“/,f/7h/ = [H’U*:l <—m *J

Also, using high SINR approximations &f-_; and ft,,, one can get the asymptotic expression
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of the CDF as

153 N7 Ng Mij msj—l Jid Né Né My j mjd—l f

r)=1- Z Z Z Z i Z Z Z Z Z Z o/ Frrtns S g g

i=1 n7=0ng=0 r=1 f=0 h=0 v=1 nL=0nf=071'=1 f'=0 h'=0 (34)

()04,sj,ij,i,r,f,h,n7,ng 904,jd,vd,v,r’,f’,h’,n’wng )

Where v ja.vd.vm /.1ty =

r’+n’ mid f +n7+"8 vj hlfrlfng fl ! 2 flfh/+n’ , ,
[Hljd ( Q. J) mv*J:| (=1 7bv7"’(szjd (sz ) () nt, (@5a) LR )
vi=1 \ :

My (r'=1)!f"Int!
Then, using[(24), the outage probability can be obtained.

C. When the interferences are dominant

In the case when the interferences are dominant at both aelhylestination such that; ~ 0

and aj?d ~ 0, exact CDF expression_(20) can be solved in closed-form as

157 myj 189 134 mi; my; mig—1mg;—1
Fry(@) = Frg () + 3> eren(@) =3 3 >0 > D Zwsww (35)
i=1 ri=1 i=1 v=1ri=1ro=1 f=0 71=0 j2=0
me; \ 159 Qe \ 5| (=1) 1 biy, T(msj+r1)B(1,r1)
wherey,; = (QJJ) [Hi*zl ( mm) } F(insj)(rjl_ll)! v

Msj sj —myx jd —My*j .
Msj 137 _Q,L*] J IJ _Qv*j J f msj—l
P8 = ( S]> [Hi*:1 ( My Hv*:l Mgk Jj2 J1

(_1)T1 +r2 birl b/ur-2 F(msj +T1)F(f+?“2 )Q;?i (QZJ Qsj )"”sj +r1 m§b+j2 ! Q,J.1,'+j2+r2+l

(ra— D)1 (mg;)(r1—1)! = B(ji + jo + 72+ 1,mg; + 11 —
. . Mii s mii Qs —msj—r1+1 S
=gt f oD nle) = o (L1 g+ 1 ) (2 )

@10(1’) = (Z’+1)j1+1$j2+msj (mistijmszijx)_m”_” (mdevjx—i—mUjde)_jl_jQ_”_l 2F1 (msj—i—

mdeUijj Qij (x2+:c)
(Mg Qs+ Qigr) (Mo Qjatm;aQo;T)

r,j1+Je+ e+ Limg +r+ f 41l ) andoFy(-, 5+ ) is
the hypergeometric function.

Proof: See Appendix F.

Note that [(3b) is a very good closed-form approximation ® ¢étxact CDF when INR is large

in the case of fixed interferences.

D. When the interferences are i.i.d.

In this subsection, we focus on the case when all the intartess are i.i.d. One can see that

the PDF fy,,(z) in (24) is only suitable when the Nakagamiparameters of interferences are
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different. When all the interferences are i.i.d.,1(27) diynipecomes

57 .. 1
m; [omig pImi =1 _mi
r

Fe (o) = (Q T(Imy)" fut x>0 (36)

whereb;, does not exist any more and all other symbols are defined asebédsing [(1B),[(14),

(]

(21) and [(3B6), the lower bound can be derived as

msj—1mig—1 v oy

Fr () 21— o1 Z Z Z Z prsp1a(x) = FiP () (37)

v1=0 wv2=0 s1=0s2=0

7dem,ux 7ISjm,L-,- 7mjdcj2‘dzimsj0§jz
(ij> J(Qij) Je ﬂjdf T
_ \™y ™ij
Whel’eSO12 - F([jdmvj)r‘(]sjmij) y
a2 2\ 5 ug—sar2 yor—s id
(054)72 72 (05;) "1 = 1D (I %my j+52) 0 (1% mij+s1)

"L]d "sz

$13 = s1ls2!(vi—s1)!(v2—s2)! ‘ !
—17%myj—s2 —I%7m;j—s1
o 1)1—‘1-7.}2 mjd:v mvj mij msjm
r) =2 - .
p1a(z) <de + Qj) <QJ - Qsj )

Similar, the asymptotic outage probability in the low owaggime can be derived as

msj—lmig—1 v; vy N9 Nig Nz Nig

FF;(x) =1 Z Z Z Z Z Z Z Z @158016xn10+n11+m2+n9+vl+v2’ (38)

v1=0 v2=0 s1=052=0n9g=0n10=0n11=0n12=0

., p 7]jdm PR ,ISjm.,,S
(—1>”w+"9r(ﬂdeﬁsz)F(IMmu+s1>(nm R I TP 1)

where s = 109 511521 (1 —51) (U2 —52) T (1380, )T (159 35 )

Then, the lower bound and asymptotic expression for thegeupaobability can be derived by
using [37) and(38) in(24). Several insights can be obtafrad (38) for i.i.d. fixed interferers.
For example, one can see that with the increase of the Nakaggmrameters of the interference
m;; Of m,;, the outage probability remains almost the same, which lvélexamined in Fid.]7.
Similar to the analysis for random interferers, with ther@ase of SINR, the outage probability
for fixed interferer decreases accordingly, which will bamined in Fig[ ® and Fi@. 10 in Section
V. However, different from random interferers, changindRIMill not have a great influence on
the outage probability for fixed interferers if the SINR iseiik This is because SINR dominates
the outage probability for fixed interferes and changing INRt change the ratio between
the noise power and the interference power but has nedigitfluence on the overall outage

probability, which will be shown in Fid.]8 and Figl 9 in Secti®%. Another insight that can be
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obtained from[(38) is that, with the increaserof; or m,,, the outage probability decreases, as
msj OF mjq are in the upper limits of the summations [n(38), which w#l &xamined in Fid.18
- Fig.[10 via simulation in Section V.

In the i.i.d. case when the interferences are dominant dt teday and destination, one can

further get the closed-form expression of the CDF as

msj—1 M M —fi—=I%9my; myd L 2 maj
] sj
R =1= 3 et (GEGE) T et - 30 5 S cwmenla
f1=0 v 8] =0 s1=0 s2=0
(39)
7ISj7rL,L-j Q5 U m” I ‘77”13
2] Q. " B(1,I%m;;)
o F(fl“rléjmi') o méj (mz, ) 87 J J—
where p1; = . 1 P18 = JB(ISjmijvmsj) » P19 =

NT1 g\ T
Q. Q i
fl!(_mzjj) (mzfj> D(I%9mij)

jd id _ridag, . 8§ Imy s
—my m Q, v 1% m (9 i3 IS
L(fo+l4my;)m;, U G M e Q,; YT mgj+ms;)

J My 5 mij sJ

T(179my )T (I8 m;j)s1!s2!(fa—s1)!T(msj—s2)

B(Im;+s14s2+1, fot-I9myj+mgj—s1—sa—1), pao(x) = ™71 < St

m;§2;;

> Isjmij—msj—i-l

; i 1, ma+ e Qi I*mij+ms;
_ - IS) .. o Mhagitsy 52 Mmsj+s1 [ "sjidiy
2F <1’ L —=myg; I¥mi; + 1; ms;j€di; x) S021( ) (ZL’—I—l) e (msjﬂijm—i-mijﬂsj)
mja; Imy; +o1+s2+1 sj jd 5]
<mjd9wx+mvjﬂjd> o F1(I99myj; + myg;, IP%my; + $1 + so + 15 fo + I99my; + my; +

M aMs; Qo Qije(c41)

Jdyyy o1 —
I mv.]71 (demvjmij—i-mjdflvjmijm)(Qsjmvjmij+ﬂijmsjmmvj) '
Again, (39) is a very good closed-form approximation for éxact CDF when INR is large in
the case of i.i.d fixed interferences. Usigl(24), the outamdability is obtained. Simulations
in Fig.[11 in Section V will show that this approximation haseaxy good match with the exact

outage probability when INR is large or interferences armidant.

E. When the signal experiences Rayleigh fading

In another special case when the signal experiences Rhyieiting channel[(39) is further

specialized to

_ - . ) ) QU, —7%my
Fr(z)=1- ISjmz‘jQ;;d 9y ™ B(Imy; + 1, 19my;) (m—]x + de)

vj

< J_ +Qsj> QOQQ(ZL')QFl ([jdmvj—l—l,]”mij+1;[8jm,-j+]jdmvj+1;1—gogg(x))
(40)
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Qij Ql,jx(:c—i—l)
mijQsj+9Qix) (Mo Qja+ ;)

Whereg022(x) =1
In the high SINR condition such th&t,; — co and(2;; — oo, using [14, (9.1)] as
Ila+b+1)

li - o F 1,b+1; b+ 1,1 —¢p) = 41
l @ oFilet Lo+ Liat bt Ll =) = mrmm s, (41)
in (40), one can get the high SINR approximation[of] (40) as
—I9my; ) —Im,;
Fp,(x)=1—< {2 +1) ( by +1) | (42)
’ Qgym; Qjama;

Using (24), the outage probability is obtained. Fram| (42) §4), one has several insights as
follows: (1) with the increase of the number of interferetsha relay/*’ or at the destination
1’4, the outage probability increases; (2) with the increasthefaverage power of signal at the
relay 2,; or at the destination?;;, the outage probability decreases; (3) with the increase of
the average power of interferers at the refgy or at the destinatiof,;, the outage probability

increases.

V. NUMERICAL RESULTS AND DISCUSSION

In this section, numerical examples are presented to shewettects of the number and
locations of interferers by using the outage probabilitypressions derived in the previous
sections. We assume " = b ;75 INE = b, 3o VR 3INE = ¢ HINE = ¢, ATVE, B = B = B,
and K;;P;; = K,;P,; = 1. In the examples where the interferers have random number an
locations, we letA = A;A; and assume that the distancks and [,; follow the uniform
distribution asf;(l) = 2, 0 < [ < L, whereL is the maximum radius of the disc. We assume
A= MXj =AgandL = L,; = L;q in this case. In the examples where the interferers have fixed
number and locations, the distandgs /,; and the number of interferer®?, 17 are constant.
Therefore, we assume= [;; = [,; = 2, [ = I¥ = [/ = 10 and 8 = 3. In this case, there
still exists path loss if the distances between nodes age.ldrhe path loss is determined by
andg. This influence can be checked by examiniig and2,;, as/ and 3 can be absorbed by

);; and2,; as part of the average powers of the interference. In theuleaions for both cases

above, we assume the number of relays- 2, b,; = c;; = ¢jo = 1 andb;q = 10. Also, let the
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values ofmg; be the same for any, m,, be the same for any, m;; be the same for any, j;
m,; be the same for any, j. Note that our results are general enough to include othsgsca
but these settings are used here as examples.

Figs.[1 {6 show the outage probability vg; in the case when the interferers have random
number and locations. The GGA curve is obtained by uding, () and [(2D) in[(24) with
numerical integration, the lower bound curve is obtainediing (22) in [(24) while the asymp-
totic curve is obtained by using (23) in_(24). In general, caa see that the outage probability
decreases when the valuegf decreases or when the channel condition changes from Bhylei
fading to general Nakagami- fading (or with the increase of. in Nakagamim fading). The
influence ofm;; andm,; is examined in FigJl for*/¥% = 15 dB, ¥/N% = (0 dB, A = 50,

B =3, L =10, ms; =4 andm,; = 5. One can see that the curves faf; = 1 andm,; =1
have a slightly worse outage probability than the curvesnipr = 2, m,; = 3 andm,; = 6,
m,; = 7 while the curves fom,; = 2, m,; = 3 andm,; = 6, m,; = 7 are nearly the same for
the reasons explained belolv [23). Fiy. 2 shows the resulyf6¥? = 15 dB, 7'V = 0 dB,

A =50, p =3, and L = 10 while Fig.[3 shows the result for the same conditions exceat t
¥INE is increased fron® dB in Fig.[2 to20 dB in Fig.[3. One can see the outage probability
for my; =2, mjq = 3, mg; = 2, mjg = 3 andmy; = 4, m;q = 5, mg; = 6, mjq = 7 deteriorate
when7/V# increases and the deteriorate raterfar = 2, mjq = 3, my; = 2, mjq = 3 is slightly
smaller than that formn,;, = 4, m;q = 5, ms; = 6, m;q = 7. However, the outage probability
remains nearly unchanged for the Rayleigh case in these guee8 for the reasons explained
below (23). Fig[% shows the same conditions as[Big. 3 exg&pt” is increased from 15 dB in
Fig.[3 to 20 dB in Fig[ 4. One can see that the outage probpbéitreases with the increase of
FSINE “as expected. Also, comparing Figl 3 with Fijy. 5, one can Isaethe outage probability
for mg; = 2, m;q = 3, my; = 2, mjg = 3 andmg; = 4, m;q = 5, my; = 6, mjq = 7 increases
when the value ofs changes from 3 in Fid.l3 to 5 in Figl 5. Comparing Fig. 3 with.MEg
one can see that the outage probability fey; = 2, m,; = 3, ms; = 2, mjg = 3 andmg; = 4,

m;q = 5, mg; = 6, mjq = 7 increases when the value éfincreases from 10 in Figl 3 to 20 in
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Fig.[8. However, the outage performances for the Rayleigle ¢a these two cases above keep
almost unchanged for the reasons explained below (23).

In all these cases above, the results based on GGA match w@hywith the simulation
results, showing the accuracy of the approximation and sleéulness of our results. Also, from
Figs.[2 {6, one can see that the lower bounds have considenablch with the simulation
while the asymptotic curves match well with the simulatian $mall~;,. On the other hand,
one can see that the gap between lower bound and simulatimeases when*’ V% increases,

as expected, when comparing Hi@j. 4 with other figures above.

10 —9—9—6 0 0 0 00 ¢ 00 ee

10 F

107k

10°F

Outage probability

Simulation, m.=1; m =1
ij vj
x GGA m=1,m =1
107k ij vj
= = Simulation, m.=2; m =3
ij vj
0 GGA m=2m=3
o1 Simulation, m.=6; m =7
L) A

-5
10°F + GGA m=6;m =7
1] Vi

10" 1 1 1 1 1
-10 -5 0 5 10 15 20

Y (dB)

Fig. 1. Outage probability vsy,, for random interferers whes®/Vt = 15 dB, 4/V% = 0 dB,

A=50, L =10, 8 =3, my =4 andm;y = 5.

Figs.[T -[11 show the outage probability vg, in the case when the interferers have
fixed number and locations. The exact curve is obtained bygu&0) [28) and[(29) in[(24)
with numerical integration, the lower bound curve is obtairby using[(3[7) in[(24) while the
asymptotic curve is obtained by usinig {37) and] (17)[in] (24).gkneral, one sees that the
outage probability decreases when the valug,ptlecreases or when the Nakagamparameter

increases. Also, our derived exact results match very wih the simulation results and our
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Outage probability

i

Simulation
O GGA
= = = Lower bound

+  Asymptotic

10

15

20

Fig. 2. Outage probability vsy,, for random interferers whes®/Vt = 15 dB, 4/V% = 0 dB,

A=50, L=10andg = 3.

Outage probability

Simulation
O GGA

= = = Lower bound
+  Asymptotic

15

20

Fig. 3. Outage probability vsy,, for random interferers when*/V® = 15 dB, /% = 20 dB,

A=50, L=10andpg = 3.
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m_=1m =1;m =1;m =1
s id ] \
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s id ij vi
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Fig. 4. Outage probability vsy;, for random interferers whef“/Vf

A=50,L=10andp = 3.
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Fig. 5. Outage probability vsy,, for random interferers whef/V%

A=50,L=10andg = 5.
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10° ‘ ‘ S = = o
o g Simulation
O  GGA
= = = Lower bound
+  Asymptotic

1072

Outage probability
=
o

10 15 20

Fig. 6. Outage probability vsy,, for random interferers whes®/Vt = 15 dB, 4/V% = 0 dB,

A =50, L=20andg = 3.

derived lower bounds and asymptotic curves have consiterabtches with the simulation,
especially for smalty;, in these figures, which verify the accuracy of our analyske hfluence
of m;; andm,; is examined in Fid17 fof /"% = 15 dB, ¥/V% = 0 dB, m,; = 4 andm;q = 5.
One can see that the curves with; = 1 andm,; = 1 has a slightly worse outage probability
than the curves witm;; = 2, m,; = 3 andm,; = 6, m,; = 7 while the curves withm;; = 2,
m,; = 3 are almost the same as the curves witf) = 6, m,; = 7. Fig.[8 shows the result for
FSINE — 15 dB, #/VF = 0 dB while Fig.[9 shows the result for the same conditions eixtiest
~INE s increased frond dB in Fig.[8 t020 dB in Fig.[9. One can see that the outage probability
from simulation remains almost unchanged, as the SINR datesithe outage probability in the
case of fixed interferers and the influence of changing INRkmmgnored in this case. Fig.]10
shows the same conditions as Fib. 9 except #Hat'? is increased from 15 dB in Fif] 9 to 20
dB in Fig.[10. One can see that the outage probability deeseadth the increase of°/V%, as
expected.

Next, our derived closed-form approximations to the exatage probability in the case of
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fixed interferences is examined in Fig.l 11 whdrel (39) is usetha approximation curve and
FINE =10 dB, my; = 2, mjqs = 3, mg; = 2, mjg = 3. One can see that the simulation
curves for INRY/NE = 10, 15 and 20 dB remain almost unchanged, a8’V % is fixed in these
curves. One can see that the approximation curve With? = 10 dB is closer to the exact
curve in Fig[Il but still have a slight approximation errdfith the increase ofy/V%, these
approximation errors decrease. In the case/’df? = 20 dB, this approximation error can be

ignored.

OB PP P— PP

10

— Simulation, mu=1; mw=1
x Exact,m.=1;m =1
ij vj
‘‘‘‘‘ Simulation, m.=2; m =3
_; i vj
10°F o Exact,m=2;m =3
ij vj
.+ Simulation, mu=6; mw=7

+ Exact, m.=6; m =7
ij vj

=
o
T

Outage probability
=
o
T

20

Fig. 7. Outage probability vsy,, for fixed interferers whemyS'V% = 15 dB, ¥/VF = ( dB,

Mms; = 4, Mjq = 5.

VI. CONCLUSIONS

The outage probability performance of a dual-hop AF selectelaying system with relay
selection based on the global instantaneous SINR has besyzed for different cases of
interferer number and locations. Exact analytical expoessin terms of one-dimensional integral

for the general cases have been derived. Closed-form estpnassfor its lower bounds and
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Outage probability
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m_=2;m._=3;m.=2;m =3
sj id ij Vi
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Fig. 8. Outage probability vsy,, for fixed interferers when V% = 15 dB, /% = ( dB.
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Fig. 9. Outage probability vsy,, for fixed interferers when V% = 15 dB, ¥/VF = 20 dB.
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Fig. 10. Outage probability vsy,;, for fixed interferers when V% = 20 dB, ¥/V# = 20 dB.
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Fig. 11. Outage probability vsy,, for fixed interferers whes'N% = 10 dB, m; = 2, mjq = 3,

m;; = 2 and My = 3.
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asymptotic bounds have been obtained. Special cases fandonmnterferences, i.i.d Nakagami-
m fading interferers and Rayleigh fading channel have alsnltstudied. Numerical examples
have been presented to show the accuracy of the analysisahyirxg the effects of interferences
and their locations, which are otherwise not possible upnegious results. These examples have
confirmed that the outage performance improves when the $iNiRases and provided useful

insights on the effects of different system parameters enotitage performance.
APPENDIX A
DERIVATION OF THE PDFOF Y;; FOR RANDOM INTERFERERS

One has the moment generation function[off (10) as [26]

ag; T (—d;’jc)
E(YS) = ———+

)
DPsj

wherec represents the-th order moment. Denotg, ;; = f0°° filli;)n(Li;)dls;,

(43)

Noij = f0°° fili;)n?(Li;)dl; and ns,;; = fO filli;)n?(li;)dl;;. One can derive the first-order

moment ofY; as

Y.} = Z S ZE{QU}E{M} Z S Z Py
(44)

the second-order moment &f; as

} Z A )\IAI {(Z Q“] |h21j| ) (Z Qin |hi2j|2>}

i1=1 io=1
I

>, e MAr )\[A[ m; + 1
= ZKZPZJ 2” J Z Z K’LleleKZQJPZQ]nIZj
=0 i i1=11dx#i1=1
(45)
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and the third-order moment df;; as

va) - Z ~MAp AIAI {(Z Qi |hayl > (Z Qi \hz2j|2> (Z Qi \hisj|2>}

i1=1 io=1 i1=1

> e —ArAr )\[A[ ml —|—1 ml —|—2
=S A (57 P LS S
=0 ”

i1=1427#i1=1

mg; + 1
12,i5M i5 ] Z Z Z KZ1JPZ1JKZ2JPZ2JKZ3JP3J771 zy) :

i1=1igFi1=1 igFiaFi1=1

(46)
Note that [(44),[(45) and_(46) require an infinite series. Hawein reality, one does not need
to include many terms in the calculation ééwi,ﬂﬂ decreases quickly witd. Therefore
approximations of[(44),[(45) and_(46) can be made by choofimte series. Then, one can

calculate the values of;;, p,; andd; in (10) by solving

B = )

)

a?. sJ

BE{Yj} = F(>) (47)
o T :jjJrs)

E{Y3} =
\ F(p.sj)
Furthermore, with the help of Beta functioB(-,-) [14, (8.384)], one can simplify{ (47) as

(@), that can be solved numerically by using popular mattearal software packages, such as

MATLAB, MATHEMATICA and MAPLE.

APPENDIX B

DERIVATION OF THE PDF OFI'y; FOR RANDOM INTERFERERS

Assume independent random variables > 0 in the equations below. Using (10) arid (13)

in (I4) and after some manipulations, one has

Mgj
méj me;—1 -
w8y o) 2 Psj
Psj < S]) 2 Ndoi—1 s T —0gj Mg TU
fr..(u) = (x —oz)™ ™l exp | — ——— | dx.
sj éj dsj 9 sJ . Q .
ag;’ T'(mg)T el IR sj

(48)
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Using binomial expansion and variable substitution] (48}dmes

m '02‘u

) 2\ Mesg L _ 81 °s3
fro; (w) - stmsj!as_jdsj <$;> ]Uiy('mS] ) gmei—leT Ty
Dy (W) = .
= D(ma)T (22) ril(mes = 11)! (49)

o Psj .
| = _msju*
x/ glsitri—le (“Sf> e % dx.
0

The integral in[(4B) can be transformed by replacing the egptal functions with the Meijer’s

G-function as([27, pp. 346]

. 77L\,‘U2\,‘u
) —dsi ((ms; N 2(mg;—r1 L -2

fro,(w) =Y ’

r1=0 F(mS])F (zji) rll(msj — Tl)!

sJ

(50)

[e’e] Psj — —
dsitr1—1,~41,0 T 1,0 | MsjuUx
></ x Gop | | — | Gon T\ dx.
0 5j 0 sio 0

This integral can be solved by usirig [28] asl(15).

APPENDIX C

DERIVATION OF THE CDF OF I'y; FOR RANDOM INTERFERERS
Using the definition of CDF and (48), one has
Mg Msj
Dsj <Q—S])

Foo i = [ = g ()

Dsj

u oo 2 \ Psj
_ _ v T — 0 Mg, Tt
></ / e (g — o) g™ exp —( SJ) — 2| dxdt.
j _ 0.
0 O'Ej aSJ sJ]

By interchanging the order of integration and solving theegmation overt first using [14,

(51)

(3.351)], one can get

PsjT ™ X J msj<gsj + :c)u
Fi, (u) = | ew (— (—) ) . (m Moil0y I 4
aijjf(msj)r <de ) 0 s ’ Q; (52)

DPsj
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where~(-, -) is the lower incomplete Gamma functian [14]. Then, using, [B4352)] to expand

the lower incomplete Gamma function as a finite series, oneged

ds;j 00 Psj msj—1 pq
psg(mSJ 1)'asy —1 _(a )
Fr (u) = dsj=le \ s g g
mS] 0 ro=0 r3=0
msj (53)
0_2(7"2 r3) mS]u> Psj I
s Q (= Y
: T / photrale (a“’”) e % dx
(7“ 2 —73)! 0

By using [14, (3.381)] and using the same method as tha{ @y t{Bice, one can get the CDF
of I'y; as [16).

APPENDIX D
DERIVATION OF THE HIGH SINR APPROXIMATIONS FORPDFAND CDF OF I',; FOR

RANDOM INTERFERERS

Using Taylor’s series expansion 6f (17) andl[14, (3.381i)} i@9) and[(5B), one can calculate
the PDF and CDF of'y; as [54) and[(35), respectively,

m 2
sj Sjosju

Z Z M3, s7, ri,n € s umSj—HLl_l +o0 [(u/st)Nl} ) (54)

n1=07r1=0

Mgj +nq+1
»

(~1)mm];

—mgi—ny 2(mg;—ry) dgit+ni+r dei+ny+r —dgs
Q sj 10_ sj 1 a .sJ 1 11—‘(‘”711 asj sj

sJ sj sj

dgj d
n1!F(r1+l)F(mSj —7”1+1)F (%)

Psj

where iz .y ny =

Ny Msj=1 ry M EJ

u) =1 - Z Z Z M475j’r27r37n2un2+7126 %5 +o0 [(U/QSJ)NQ} ) (55)

no=0 7r2=0 r3=0

no—+r
naq2 7822 =ra) (e 2R ((dsitnatry
(—1)2al 750 o ,

Psj

where H4,s5,r2,r3,n0 =

nalrsl(ro—r3)!IT" PJ

Furthermore, usind (17) in_(b4) and {55) again, one can[dgt 4hd [(19).
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APPENDIX E

DERIVATION OF THE PDFAND CDF OF I'y; FOR FIXED INTERFERERS

Similarly, the PDF off’y; can be calculated using(13) aidl(27) as

foo(w) = / el fu, (@) fro, (@ - 0%) d,

[e.e]

< 783 157 my;
- (mSj)m] H( Q) Zi S
Qsj : mZ*J T—l

m
i*=1 i=1 r=1 SJ

OO —wwuz— i (y—o2,
/2 2™ (z — Uf])’” Lem oy 2, %) g (56)

Tsj

This integral can be solved by using [14, (3.351)][as (28).
Using the definition of CDF and (56), one has

My me; | I¥ Qi*j — MM 159 my;
/ Jro, () (—j) H <_mz‘*a’) ZZ (m 7“—1

*=1 i=1 r=1 8] )

u o _ ‘5‘1 _ LJ o 0'
/ / £ M (2 — 02) 16 e D dzdt. (57)
0 crgj

By interchanging the order of integration and solving theegmation overt first using [14,
(3.351)], one further has

Fr,(u) = i—:[( m”) .i i%

i=1 r=1 msj 7’—1)

. / Sl Y(mag, B2+ 0 u)dz (58)
0 sJ
Then, one can derive the CDF Bf; by using [14, (8.352)] and [14, (3.381)] in closed-form as
29).

APPENDIX F

DERIVATION OF THE CDF OF Fj WHEN THE INTERFERENCES ARE DOMINANT

When the interference is dominant such that the noise cagrizeéd, one further hasg}; ~ 0
in (28) to give the PDF as

I3 myj

umSJ 1
§ E 905 87,27,8,T mSJ ‘l‘ )ms]+7" (59)
i=1 r=1 Q’LJ
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Isj Qi*’ mL*J Mmsj Mg (_l)rbirr(ms"‘l‘r)
where s q; i = {Hi*zl (-72) } (52) " S

L)

Also, the CDF ofT'y; in (29) becomes

189 my; ms;—

FFSJ(U = 1—22 Z Q065jzy,z,rf(méju+m”)f+r (60)

i=1 r=1 f=0

sj i j My f _1\"h.
where g s ijins = {Hff:l ( fij) ]] (’g;) Sl U Therefore, [(20) can be solved

as [35) with the help of [14, (3.197)].
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