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Abstract

In this paper, we investigate the outage performance of a two-way decode-and-forward
relaying network in an interference-limited Nakagami-m fading environment. More
specifically, assuming the presence of Nakagami-m faded multiple co-channel interferers at
the source/destination terminals, the closed-form approximate expression for the outage
probability is derived by using moment-based estimators attaining the appropriate
Nakagami-m fading parameter. Simulation results demonstrate that our analytical result is in
excellent agreement with the Monte Carlo simulation.
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1. Introduction

Relaying technologies can improve throughout and increase communication range. They

have emerged as an effective means for exploiting spatial diversity [1,2]. Channel capacity is
increased [3] and full diversity gain can be achieved [4] by sharing antennas amongst users via
relaying. The capacity of relay channels was first studied in [5] where Cover et al. considered
the classical three-node relay network and derived the channel capacity. Two protocols for
one-way relay networks, known as decode-and-forward (DF) and amplify-and-forward (AF)
relaying, were proposed in [6]. Due to the capacity loss of the pre-log factor of 1/2 [7] in
half-duplex relaying, two-way relaying has been introduced, e.g., [8-10]. Until now, the
performance analysis and different transmission schemes for AF and DF two-way relaying
network have been well investigated in the literature. When a network coding approach [11] is
applied to relay networks, two-way DF [8] and AF [9] relaying schemes were proposed. It has
been illustrated in [10] that both DF and AF two-way relaying protocols can fully recover the
spectral efficiency loss. For this reason, two-way relaying networks have attracted much
attention in wireless communications. The rate performance of two-way relaying network has
been extensively studied in recent years. The achievable rate regions for half-duplex two-way
relaying network were studied in [12,13]. In [14], the exact outage probabilities for a
three-node two-way relaying network using AF and DF schemes were presented and an
adaptive AF/DF scheme was proposed to achieve the optimal outage performance. The
two-way relaying technology was combined with small cell [15,16,17] technology and
Multiple-Input Multiple-Output (MIMO) [18] technology.

The co-channel interference is inevitable in wireless communications. The performance
analysis of one-way relaying network has turned the focus to interference-limited channels
[19-21]. One-way relaying system with noisy relay and interference-limited destination was
examined and the closed-form outage probabilities were derived for both DF and AF protocols
[19]. One-way relaying system with multiple interferers over Rayleigh fading channels was
studied in [20]. The exact outage probability of the DF one-way relaying system with
unequal-power interferers using opportunistic relay selection was provided in [21]. A DF
one-way relaying network using opportunistic relaying selection was investigated in [22],
where the outage-optimal relay selection was proposed and the closed-form outage
probabilities were derived in a multi-cell environment. A DF two-way relaying network with
co-channel interferences was investigated in [23], where a tight approximate expression of the
average symbol error rate was derived in closed-form. In [24], the exact symbol error
probability of two-way DF relaying network in the presence of a finite number of co-channel
interferes and noise at the relay and the source codes in Rayleigh fading environment was
studied. The interference limits were considered in cognitive femtocells system [25].

On the other hand, the performance of the relaying network based on the Nakagami-m
fading channels has been investigated recently. In[26-28], the performance of two-way
interference-limited AF relaying systems with over Nakagami-m fading channels was
investiaged. In [29], the outage performance of dual-hop DF cooperative systems in the
interference-limited Nakagami-m fading environment was investigated. The symbol error
probability of a two-way relay-based communication system with opportunistic relay
selection in Nakagami-m fading environments was studied in [30]. In this letter, we consider
an interference-limited Nakagami-m fading environment in the investigation of the outage
performance of a DF two-way relaying network with multiple interferers.
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The rest of this paper is organized as follows. The system model is described in Section 2. In
Section 3, we investigate the outage probability of the DF two-way relaying system with
multiple interferers in Nakagami-m fading environment. In Section 4, some numerical results
are given to verify our analysis. Finally, Section 5 concludes the paper.

Notations-we denote P{B} as the probability of a random event B, while E{B} returns the

expected value of the input random variable or event. F, (x) and f; (x) are, respectively, the

X
cumulative density function and the probability density function of B. ( j represents the
y

binomial coefficient, whereas F(n,x):jmt”’le’tdt and F(n):jomt”’le"dt are the upper

Gamma and the Euler Gamma functions, respectively.

2. System Model

The two-way relaying system model with co-channel interference is shown in Fig. 1, where
two mobile terminals, S; and S, at the edges of two different cells exchange message with the
aid of a relay node R, assuming that the direct path between them is broken. The source nodes,
S1and S, are at the cell-edges and suffer from interference from other mobile/relay nodes in
adjacent cells, while the relay node R is free from interference. We assume that interference is
the dominating factor limiting the performance. The noises at S; and S, are ignored, whilst R is
noise-limited. The forward and backward channels are reciprocal, with a; denoting the
channel between S| and R, and a, denoting the channel between S, and R. We assume that S,
S, and R are all equipped with one antenna only. The DF protocol is used at the relay. The DF
two-way relaying strategy consists of two equal time slots.

Ng
a, a,
<
Si Sz

(a) The first time slot

A

Fig. 1. The two-way relaying system model with co-channel interference

(b) The second time slot

In the first time slot, S} and S, send their messages, x; and x,,to R, and R has the following
received signal:

Yr =X T X, + 1N (D

where ny is the complex Gaussian noise with zero mean and variance of 0'5 . It 1s assumed that
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o, and a, are independent Nakagami-m fading channels, respectively having fading parameter
m, and m, and satisfying Q, = E{|, '} and Q, =E{| @, '}. We also denote the transmit
power at S; and S, by P, = E{| x, |’} and P, = E{| x, |}, respectively.

In the second time slot, both x; and x, are decoded successfully. The relay R combines the

decoded symbols using physical layer network coding, obtains xg and broadcastsitto S; and S,
[31]. Therefore, after two time slots, S; obtains

N, _
Y1 = Xg +Zgi51(|) +n ()
i=1
where the contribution from N, interference signals {s"}, is considered. The channels
between the interferers and S, are{g,}. They are assumed to be independent Nakagami-m
fading satisfying E{| g, [’} =, and have fading parameter n;, fori =1,2,..., N, . The received
signal by S, is
N, _
Y, =% + 2 h;s +n, (3)
j=1
where {Sé”}?‘jl are the interference signals. The channels between the interferers and S,
are{h;}. They are independent Nakagami-m fading with E{| h }=Q; and have fading
parameter m;;, for j=12,..,N , - Furthermore, we assume that the influence of the interference
at S) and S, are dominant and therefore the effect of n; and n, are neglected. The transmit
power of R is given by P, = E{| X, [’}. The interference power at S, and S, are P = E{|s" '}
and P} = E{|s!" |’}.
We define the following signal-to-noise ratios (SNR):

P 2
SNR at R from S;: ygp = | 051 | (4)
R
Rla, [
SNR at R from S: y o = > %)
R
Pl | +PR, | a, I
The sum-SNR at R: 7,,,c = 2 (6)
R
We also define the signal-to-interference ratios:
. . . P ?
Signal-to-interference ratio at Si: Vrs, = %azll (7
|9
. . . P.|a, [’
Signal-to-interference ratio at S,: Vrs, = % )]
|hl

_ N, ) _ N, _
where | g[’=)"| g, " B and [hP=|h, P, .
i=1 j=1
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3. Outage Probability Analysis

In this section, we investigate the outage probability for the two-way relaying network. Firstly
we denote the transmission rates from S; to S, and from S; to S; by R; and R,, respectively.
According to the rate region for the two-way relaying network in [32], an outage event exactly
occurred when

1
R, > mln{§|09(1+ Ysphs I09(1+ Yes, )} OF
R, > mln{%log(1+ 7s, R)h— Iog(1+ Vs, )} or )

1
R +R,> Elog(1+7/MAC)

Our main result is given in the following conclusion.

Conclusion: Assuming that 7;1 = Pl—?l , ;;2 = PZ?Z , ;;,1 = R -P.Q,, ;/;2 =LZPIZQI2 ,
ORr ORr Pror Prog

) N, ~ N, B N, e _ C(p) — C@)
Q=2 Ma= M Q=2 2 Z ce-p Teap

_C@
©C(p)
P)=PJ=P,, Vi# j, theoutage probability P,, is given by

If the interferers have similar power at S, and S,, i.e., P’ =P’ =P, and

Pout =1—l//+e_dlmi L (yz)p{e 71 S[(C(B))* R(A) - F,(A)]
_Miz (1) WP ml1 m
- [ ( | l)( F (4, -1+ F (4, -1))+5(-(C(B) K (4 -1 + K (4, -D)]
r(m,)y,, 1=0 It
_md mp(4-1) m, ml—ll m
+e Mo e [I—zm.zz —(= 1)( FAFRMU, -)+RA)FR (A, -D)+F,(1)-F,(4)
r(m,)y,, 1=0 Ity

+5(-(C(A)" R(DF (4 -1+ R(A)F (4 1) - K (1) + R (A}

m, -1 m At m, 11 m

T E e I (CO-Ca- e ARG RGN

p=0

+5(—(C(1)—C(1—ﬂ)) (A7) +F(A7)]
UG 11 m

—e [Z _( l)( (CM)-CA-B)'CU-P) R4 -1)+Fy(4-D)
+5[(C(1)—C(1—,3)) F(4 -1 -F(4-1]

_mll(/ﬁ*l)_mlz/1 m,— 11 m

e o ZI,( 1)[ (CW)-CA-p)'CU-B) R4 -DF (A +F(4 -DF, (A7)

+ Fl(//il _:]-)Flz(/1 )_ FlO(//i’l _1) - FlS(Al _1) + F11(/11 _1)]
+S[(CO-CB) R4 -DF,(A)-R(4-DF, () + K4 -1)-F (4 -DI}
(10)
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In (10), the parameters are ~ ~
v= I(m,m (CQA)-CA-p))/y,) I(m,,m,CA-S)/7,)

Ir'(m) I'(m,)
mCm). mh %l me (?j(—l)ic(l)r’j .
exp(-—=")——; — mm C(j+m,(=-=2)(CO-CL-A),
V2 T(m)y, »=0 ply,i-o (= —=2)Pm Y172
i 72
p i p-]
mC@l), m™ & m) & (jj(_l) ¢t , m m
rexp(-—=—L)———- ) —L) T (j+m, (= -=)C(p)
V2 T'(m)y, »=0 ply,i-o (=2 — =2)Pm Vi 72
71 72
d, = mﬂi(ﬂ)+ mg(C(l)i—C(ﬂ))’ d, - mZC(}—ﬁ)+ml(C(1) —7C(1—/3))’
71 72 Vo2 7
P IC M-I
o [J(—l) C@ r(J+m1)j+i_11(ﬂ_ﬂ)s
r(m)y, % (M Myim =N
Y172
L m,; X, ¢ _m'rll m,,Xyh
F(x) = éﬂ(;_.l) R () = hZ(; h!( S ),
™iC (L= B)*P 1+m,, -1 o
FS(X)Z |’T‘|I1 ( _,fl)1 - l—r;l(l +m|1) %(&_’_&C(l_ﬂ))lxl ,
r(my)r, (_—'1+_—1C(1—16'))'+m'1 = L ST 21
Yui N
™iC(1- B)° s+my; -1
F4(x)=m” ( _n,i) _ F(Sn':‘mll) i'&ﬂl—&)ca—ﬁ))"x”,
rmy)r, (Mo (M _Myea_gysm = Wye 7 7.
71 Vi 72
| . . _
™ | (i](—l)'C(l)"'C(,B)'F(H p+m|2)i+p+mm_11 . .
R0=——t > > (32 (2 -TC(A) X,

r(m,)y,, o (_—'2+(g—&)C(ﬂ))”‘”m'2 o iy, Yi 72
712 Vi 72

o (ZJ(—l)”C(l)“cw)"

m m m
Ll —r Sz (D Doy gy,
F(m,z)ylz ;(TIZ +(l_&)c(ﬁ))n+mlz k=0 k! V12 71 V2

n+m;,-1 1

712 Vi 72
C(ﬁ)pﬂr(p"‘mlz) 51 mC(B) My
F7 X)= - = =) X,
v (7m29(’8)+&)p+m'2 j=0 J!( V2 +7|2)
Va2 V2
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(ZJ(—D“CCD*“C(ﬂYWKn+-mm)mm

m NS 11 m, m m
R —— =" (&= =)
1—‘(mll)7/|1ll l—‘(mlz)7/|2 n=0 &—ﬂ+&)"*m'2 o k! Yia V1 72

YVie V1 72

]( "4 A"T(@+m,)

1 m m m m
11 |2+1—2bXb

Sy =

>

a=0 (1 12 M +1 m m2 a+m|1b0b| 7|1 7/|2/1 YA VA
Yu YA A 721
h
m ﬂzh_b (_l_l)br(s +b+ mll)
mm m,-1 1 m|2 b
F()—"=- 2 — (=) Z

7y £ 07 S M (Mo e,

Yu YA o 7
s+b+m,1—1i m__mm
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Fo(X)= Z —(=2+(=-=2)C(P))°

(le_'_(@_&)c(ﬂ))ﬂwmuz = Clyy, Vi 72
V12 Vi 72

{Z jxlzc‘d (=A1'T(d +m,,)
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I : : _

e I (IJ(_l)IC(l)I_IC(ﬁ)IF(I + p+m|2)i+p+m,z—l 1 m m
Rl =r m, ,m m . =(EE+ (= -=HCB)
L(my)y, =0 (224 (2 -Z2)c(p)P™: 0 CF 71 7

Vie 71 72

[Z jﬂz” (=A7)'T(d+m,y)

m,,

d+m;; -1
L@ Moy M Moo gy

. — I A

(MM My Moo gysme 03 @ 7e 7ed o 7

Yu VA Vi 72

I [2](—1)"C(1)5'”cw>"r(n+m.1>n+mu1 1 o
F14(X): |z_ml2 _( +(_—_1+——2)C(ﬂ))k Xk
r(my,)r, ”Z:(; (&+(—&+2)C(ﬂ))”+m'l kz:(; k! V12 Y1 72
V2 Vi 72

M-
3

m,,

(11
Proof: See Appendix.

4. Numerical Results

Here, we present the numerical result to validate the analytical result of the outage probability.
Fig. 2 portrays the outage probability of DF two-way relaying network for different R, and by
setting P1=P,,m =2,Q, =1.5,m, =2, and ), =2. In the simulation, we set the transmission

rates by R=0.7, B'=R'=P,=1,P =P/ =P,=1,{m¥,={2 2}, {0}, ={L8, 2},
{m, Y. =12 2.{Q; ¥, ={18 2}, Px=30dB, N\=N,=2. It is clearly observed that the

approximate result (10) matches the Monte Carlo result perfectly.

100 G P T
E S
Q
Q
. Q
10 & S E
£ Q E
Q
< Q
z ©
g 10" ¢ S E
8 )
€ o
R Q
[} Q
& 103 ) 4
= 10
= Q
(@]
Q
Q
[ ©
;|_0'4 4 Approximate result for R2=0.8 E
4  Monte Carlo resut for R2=0.8 E
Approximate result for R2=1.0
5 O Monte Carlo resut for R2=1.0
10 r r
0 5 10 15 20 25

2
PllcrR

Fig. 2. Outage probability of DF two-way relaying system for different R,
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5. Conclusion

Assuming a two-way DF relaying system with Nakagami-m fading multiple co-channel
interferers at the source/terminal nodes and a noisy relay, an approximate expression for the
outage probability was derived. In all the comparisons, an excellent match between the
approximate and simulation result has been observed.

APPENDIX

Proof

We define the function C(X)iZ2XR -1 withR=R, +R,. Then, (9) is recast as
{7is <C(B) or Vrs, <C@-p)or Vs,R <C@-p)or Vrs, <C(p) or yyac <C@} (12)

where f=R, /R, for 0< f<1. Therefore, the outage probability is given by
Pi.=P{Z,<C(p)orZ,<pCl-p)orZ,<CL-p)orZ,<p,C(B)orZ +2Z,<COD)}(13)
2 P 2
P = PR;é Gé Or
that P, is affected by the cumulative density functions (CDFs) of Z,, Z,,f, andf,.Itis
easily derived that

h

Pla, [ P,la, [
, leﬂ and Z, =L0§2|.From(l3), we see

where 8, =—|g
ROR

C(p+C@l-p)<C(@) 0<p<1 (14)
Therefore, we obtain the expressions of Py, for different cases:

PO Pz, <C(B) orZ, <C(-pB) or2,+2,<CM} p<—PB) 5 CU=B) g

out

ca-p""" ¢
P& =P{Z,<C(B)orz,<p,C(B)orz,+7Z,<C)}
B < C(p) ,C(l—ﬂ) <B, < c® _, (16)
Cl-p5) C»¥ C(p)

@ _ C(p) Cc@
Pu =P{Z,<C(B)orZ,<B,C(B)} B < C(l_ﬁ)’ﬂz > ) 1 (17)
PW=P{Z,<BC@A-p)orZ,<CA-pB)orz, +Z,<CA)}
M<ﬂ s&_lﬂ L Ca-5) (18)
ca-p) Tca-p T cp

®) _ 3 3 c@ C(l-5)
Puw =P{Z,<BC(L-p)orZ,<C(-B)} ﬂ1>C(1—ﬁ) 15 S—C(ﬂ) (19)
Po(ust) = P{Zl <:81C(1_,8) or Zz <ﬂzc(ﬁ) or Zl +Zz < C(l)}

C(@) C(l-5) (20)

ﬂ1> —1,,32>

,BC(- C(B)<C(l
Sep S PE- P+ ALH <C
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PY =P{Z, < BC(1-p) or Z, < B,C(B)}

C(B) Ca-4) B 21
b calp P> o PCU-P+ AL <CQ)
and

P =PilF_(OF (A7) + ] 7Rt PLCALEARVALYA

NS R CALY VALY e [y (BIABT (A
o 4 (22)
s ROt L (BB (BB + [ i&ﬁit(ﬁz)dﬂzfé(ﬂl)dﬂl

A1,
SRR CALARVALY S L,l MLV ANVALYA
By A
where F_ (X), F_(x), f_(X), f_(x) denote the CDFs and the probability density
A B A B,

function (PDF)s for 8, and f, respectively. With Z, = i 021 [ ,Z, = _Bl 022 [ , the CDFs of Z,
ORr ORr
and Z, are, respectively, given by
F, (X):l_w x>0 (23)
' r(m)
where 71 = 1Ql , and
r'(m,,mx/ ;; )
F, (x)=1-—22%2_*2° x>0 24
2, (X) r(m,) (24)
where 7;2 = %% , and the PDFs of Z, and Z, are, respectively, given by
R
ml Xml71 _7)(
=1 eg™n x>0 25
f0=Th s 29)
m szmZ—l —@
f,(X\)=—2—"—¢ 2 x>0 26
L (0= 20
Following (15)-(21), we have
PS =G,(C(1-B).C(B)) 27)
P =GL(B,C(B).C(B)) (28)
PY =G,(C(p), 5,C(8)) (29)
P =G, (C(1-B), BC(L-B)) (30)
P =G, (BC(L-B).C(L-p)) 31)
P = Gi(B,C (), LCA-B)) (32)
P =G, (BC-B).B,L(B)) (33)

where
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G, (x,y) =1-w(Xxy) (34)
. D(m,mx/y) D(m,,mx/ 7,)
GV =1" r(m,) 53)

and w(X,Yy) is

r(m,m (CA)-y)/y,) T(m,,m,y/7,)
r(m,) r(m,)

[E’j(—l)ica)p*

w(xy)=

mC@, m" & m & . m m
ceop- W) My My r(em (B -Tyew-y) GO
V2 T(m)y, o ply, i-o (L —2)Pm o7
noo”
m m & m i . m m
+exp(——E=-2) —— 2 z e C(j+m,(=-=2)X)
V2 T(m)y, po p!y 0 (2L Z2)Prm Vi 72
7/1 V2
12 2 2
According to the definitions g, = P = 5 2 and the CDFs of |g| and|h| in
RO-R RGR
[33], the CDFs and PDFs of f, and f, are given by
F, (X) :1_ 1—‘(mll’rnllxlj/ll) XZO (37)
A r(m,)
= (X)Zl_r(mIZ’mIZX/]/IZ) x>0 (38)
A r(m,)
my,,m -1 _m,}x
foy=T X oo x>0 (39)
A r(my,)
m m|2Xm,2—1 7m,72x
f (X)=—2——¢8 " x>0 (40)
23 rim,)
in which 7]1 :izlz’,lQI1 , 7/;2 :iZPIZQ,Z. Without loss of generality, hereafter we
ROR ROR

assume that no power control is used, i.e., P =R, P =P, . In order to render (39) and
(40) an accurate approximation, the required parameters m,;,m,,,Q,; and Q , must be
calculated. To this end, we shall use moment-based estimators [34] for the computation of

N, 2

= Z|h j| . Then, moment-based estimators can
j=1

be written from the exact moments of ¢ and ¢, , ie., Q,=E{g}, Q,,=E{4},

such parameters. Firstly, let¢, =

N, N, Ny
muzzmn , M, =ij, , where Q and Q, are easily attained as Qu:ZQn and

=1 i-1
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N,
Q,,= ZQ ;i -Substituting (27)-(33), (37)-(40) into (22) and simplifying the result gives the
-1

desired result (10).
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