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Abstract—In this paper, we investigate the outage performance
of time division broadcasting (TDBC) protocol in independat
but non-identical Rayleigh flat-fading channels, where allnodes
are interfered by a finite number of co-channel interferers. We
assume that the relay operates in the amplified-and-forward
mode. A tight lower bound as well as the asymptotic expressio
of the outage probability is obtained in closed-form. Throwh
both theoretic analyses and simulation results, we show thahe
achievable diversity of TDBC protocol is zero in the interfeence-
limited scenario. Moreover, we study the impacts of interfeence
power, number of interferers and relay placement on the outge
probability. Finally, the correctness of our analytic resuts is
validated via computer simulations.

——— > Time-slot1 — — — — — » Time-slot 2

I. INTRODUCTION

. - . - == — Time-slot 3 ——  Iterference
Recently, two-way relaying (TWR) or bi-directional relay-

ing has emerged as a powerful technique to improve tﬁég 1: The TDBC with a finite number_ of co-channel inter-
spectral efficiency of wireless network![1]. A number Oferers, wherel denotes the co-channel interferer.

relaying protocols have been proposed, such as amplify-and

forward (AF), decode-and-forward (DF) and compress-ands ANC protocol corrupted by equal-power interferers was
forward (CF). For AF relaying, two popular TWR protocols;yydied, where closed-form expressions of the averagerbit e
are analog network coding (ANC)I[2], which requires tWQate and outage probability were presented. Outage priityabi
tlme_slots to complete the mformat_lon exchange bet_ween WP the cooperative relaying using DF protocol with CCI has
terminal nodes, and TDBC[3], which needs three time sloi§een analyzed iri [10]. However, for AF-based TDBC protocol,
However, TDBC protocol can use the direct link between twW@,e effect of CClI is still unknown.
terminals even under a half-duplex constraint[B][4], tta® |, this work, we study the AF-based TDBC protocol where
provide higher diversity gain. all the nodes (terminals and relay) are interfered by a finite
Several previous works have investigated the TWR netwopimber of co-channel interferers in independent but non-
using TDBC for Rayleigh fading channels, in which relaygentical Rayleigh flat-fading channels. The system model
and terminals are only perturbed by additive white Gaussign gescribed in the next section. In section Iil, the CDF of
noise (AWGN) [3]-[7]. The outage performance of AF-baseghe ypper bounded SINR is analyzed. Based on the results,
TDBC protocol in Rayleigh fading channels was analyzed if |ower bound as well as asymptotic expression of outage
[5][6] and the diversity-multiplexing tradeoff (DMT) wass®  pyopanility is obtained. In section 1V, the effects of irfesence

obtained. In([¥], the authors considered relay selecti®S® ower, number of interferers and relay placement on thegeuta
for TDBC protocol and analyzed the outage performance WIH}Obabi”ty are studied.

optimal relay selection. However, signals of terminals (or

relay) are often corrupted by co-channel interference JCCI Il. SYSTEM MODEL

from other sources that share the same frequency resourcedle study the TWR network which consists of two terminals
in wireless networks[[8]. Moreover, for the wireless scenaand a relay node, as shown in Fig. 1, in which termifiaghnd

ios with dense frequency reuse, co-channel interferenge marminal7; exchange statistically independent messages with
dominate the AWGN. Therefore, it is necessary to take tliee help of a relayR. Each node is equipped with a single
effect of CCI into serious consideration in the analysis arahtenna and operates in the half-duplex mode, that is, a node
design of the practical TDBC protocol. Inl[9], the performan cannot transmit and receive simultaneously.
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The TDBC protocol can be achieved within three tim&; knows its own transmitted symbols, it can cancel the self-
slots, that is, terminal’; transmits during the first time slot, interference component ipg;. Therefore, after performing
while T> and R listen. In time slot 2,75 transmits whileT}; maximal-ratio combining, the instantaneous SINR at teahin
and R listen. It is assumed that both terminals and the reldy: can be expressed as in (4), whéerg € {1,2} andi # j.
are interfered by a finite number of co-channel interfereBy substituting the expressions of; and A, into (4) and
Denoting Lr, L, and L, as the total numbers of interfererperforming some manipulationsy, can be rewritten as [9]
that affect nodeR, T, and T», respectively, the received

. . . . —~ VT AT 2 5
signals at the relay and; during the first two time slots are Ty = VT1;,D 7%» t e ()
expressed as v

_ Elho|? i
L | whereyr, p = Efzk P is the received SINR of
yirn = \/E:hiSi + \/Er ZdR,kIJl%,k + nin, link T; — T;. Moreover,yr, 1 and'yT » are given by
L, ) ., E|hi)?
i . T;,1 — ]
ii = VEjhoSj + VErY_dr, 117, i + nji, Er Yt ldrl” +1
_ 2
tively, where, j {12}k(;'7£'E dE; denote VT2 = i Elhs|
respectively, where, j € {1,2} andi # j. E; and E; denote S L TR i 2o R
the transmit powers df; and interferers, respectively, hs 12z Rl w0 Br 2Ly el 4w (6)
andhg represent the channel coefficients belonging to the links
Ty — R, Ty, — R andT; — Ty, respectively. The channel I1l. OUTAGE PROBABILITY ANALYSIS

reciprocity is assumed. Moreovety ; indicates the channel o, | ower Bound of the Exact Outage Probability
coefficient of link between nod&’ and thekth interferer that . . .
X In this section, the outage probability of the AF-based
affectsN, whereN € {11, T5, R}. All links are assumed to be : . . :
) : : . ; TDBC protocol in the presence of CCl is studied. For brevity
independent but non-identical Rayleigh flat-fadisg.denotes : . .
of analysis and without loss of generality, we focus on the

the unit-power symbol transmitted ;. Iy, indicates the outage probability at termindly in the rest of this work. By

unit-power interference signal ofth interferer that affects S )
. ) definition, the outage event occurs when the mutual informa-
node N during themth time slot, whereN € {Ty,T>, R} . .
andm € {1,2.3}. Finally, n,z/n;; denote the AWGN and tion at 73 falls beI_ow the target rat&,, or equivalently, the
A TR output SINR atT is below the target SINR. Therefore, the

niR/TLjiNCN(O,l). - . .
In time slot 3, R transmits the combined information tooutage probability at termindf; can be written as

terminals7; and7». The combined signal to be transmitted by pOUT (R¢) =Pr(Ir, < Ry) = Fyr, (), (7
R can be written a8r = A;y1r+A2y2r. A1 and. A, denote N
combining coefficients which can be determined as followvherelr, = 3 log (1 + yr,) indicates the mutual informatidn

[L1]: at term|naIT1, andp = 238 — 1. Fy (n) represents the CDF

of random variable (RV)¥. However, it is very difficult to

A= > °;i - — (2) obtain the exact expression @t,,. () in closed-form. To
wiE1|hi|” + woBEslho|” 4+ Er > % ldp k| +1 circumvent this obstacle, we introduce a tight upper bound

on the received SINR af; by employing a widely used
inequality, i.e.,v1va/(v1 + v2) < min{vy, 1,2}, whererv; and
v, are positive numbers, then we shall have

wherei € {1,2}. w; € [0,1] is the power allocation number
and w; + wy = 1. Then the received signal at terming]
during the third time slot can be written as
L; v, < V5P =y p +min {y7y 1,97y 2} - (8)
Yri = VE-hiSr+VEr Y, dTi’kI%,_’k + np; ! EE ! {om 12}
k=1 . Next, we will determine the CDF of the upper bounded
:\/ETElAlhihlsl—i-\/ETEgAghihQSQ-i-«/EIZdTi k[% « SINR. For convenience of analysis, letting 2 E|h1|2,
A A A
Y 2 Elwl’ Z 2 Ehl’, S 2 ErYrr |drsl’® and
+VEErhi Ay Z dpilp ) + VE-ErhiA; Z drkIh T 2 E; YK |dr, /> Note thatX , Y andZ are exponential
VE AL an+ \/_AQh n2g + g, RV§ V\{Ith meansEQ_l, EQ, anq EQo, respectlv_ely, where
3) ), indicates the variance df;, i € {0,1,2}. Letting v,, =

whereng; ~ CN (0,1) is the AWGN andE,. is the transmit min {yr, 1,77, 2}, then with the help of total probability

theorem, the CDF ofy/Y” conditioned onS and T’ can be

power of R. In the following, we assume equal power alloca- & ritten as in ). wheFeF (z) is the CDF of
tion? betweenTy, T, andR, i.e., E; = F;, = E, = E. Since Ym|{$.T} Tm

1As in [9], here it is assumed tha® knows the channel gains of links  2Similar as in[[6] and[[10], the assumption of equal powercatmn dose
T) — R andT, — R, and the total interference power (instantaneousy.at not make the analysis in this work lose generality becausevéftiances of
Moreover, it is assumed th&t; knows the channel gains of linkg, — R, the channel coefficients betwedn, 7> and R may be different.
T» — R, T1 — T» as well as the total interference powers (instantaneous) 3Herein, three time slots required for the TDBC protocol artofor the
at R andT;. pre-log factor of 1/3.



Elho|? AZE2|hy || ha|?

T, = ] + ] ) (4)

Er Yl ldral* +1 0 (A} + A3) Bl (Br 38 ldral® + 1) + Br 320 ldril* + 1

Fyye s,y (¢) =1—=Pr(yr,p > ¢|T) = Pr(yr,p <@, Ym > ¢ —1,,0| S, T)
o ¢ €)
=1- / f'm,D\T (rydr — /0 (1 —Fyismy (p— T))f'yTl,D\T (r)dr
@
conditioned onS andT" which can be written as side of (12) (denoted by ()) can be evaluated as
w2 P Pjgk
: S
E? EX - + By,
Priory @ =1=T] (1= By pgsmy (@) ; L e i
i=1 % ( EQQQ/\Q E2QOQQ o ( Dy, )
_ .
:1—eXP<_T+1~”C>exp(_S+MT+1+w1$> ot EX/Eipr; ¢+ EQo/Erp P\TEY
EQy wa Q) EQq 1 EQoQa®,\
(10) + (1+ 3, O (¢) + —+T Ej(e) ),
andf,, ,r (x)is the PDF ofyr, p conditioned orl” which v Pik W2 T ik (14)
can be expressed as whered, — QLO _ Q% _ :_éﬂ% £0, By = Qio _ Q% _ i;rgzl
FE 1 wo P, _ 1 w 1 1 \—
T+1 T+1 ﬁj’k = EIO(PLJ‘ + 2R,k2)’ A= (Q_1+ ;-2’_ Q_z) ' and
Frr, i (2) = T P <—W:1:) , (11) X2 = (g +%Lg) " Ok (p) andZ; (p) can be expresseéd
0 0 as in (15) and (16) at the top of the next page, where=
o (ar + &-5;)+ a5 Ei(*) andg () are the exponential

Then the CDF ofy7,” can be obtained by averaging thentegral [13, 3.3516] and lower incomplete gamma function
conditioned CDF with respect to the PDFs$fandT', i.e., [13, 8.350.1], respectively. Besides, for the casebgf= 0
P, (¢) can be written as [Appendix]

Pae @)= [ [ 560 (0 Pgoigs (o) dsc p2<¢>:]°;_‘j2exp( EM)ZZW@

s poo 17)
1 t drdt 1 EQ
/0 / fr @) fyzy o (r)dr % <1+ 0 )@k ().
p+EQo/Erp1,; p+ EQo/E1py

Then we will test the convergence of the infinite series

/ / / 5 (8) 1 (&) fop oz () involved in the expressions @, (¢) and=; (). Defining
Ty,D
—(1+1)
X (1= Fyysmy (0 — 1)) drdsdt, Ay (771,772,773,774):LMMHLWM), (18)
(12) (2 + m3)
where fs (s) and fr(t) are the PDFs of RVsS and T, where 0 < n; < n, and 3 > 0. Then it can be
respectively. Note thafl’ is the sum of a finite number shown that®y (¢) = Al(Em, E%zw E;;;k’%) (P, > 0)

1 1 Py

of exponential Rvs with different means. Hence with thgng =, (o) = exp (= 3¢) M (F w0 T —F)
X ) 0’ IPl,j’

help Of [12], the tPDF ofI" can be written asfr (t) = (®, < 0 < ®,), thus it is sufficient to prove that the infi-
Yk, 2 eXlﬂz( Fron ) wherep, . is the variance ofir, . pite seriesy 2, Ay (m1,m2,m3,m4) is convergent. Using [13,
andpi = 172, ju0 5oy for L1 > 2 andp, = = for  3.381.1], it can be shown that

L, = 1. Substituting the expressmnsﬁlﬁ( ) a”dfle,D}T () lim /A7 (01,72, 73, 72)
into (12), we can obtain =00

l
EQ/E = \/ et Jo rtexp (=nar)dr
' pj
Py () = exp <— ) Z g2t/ br (13) . \Z/L : 19
’ (

EQq o+ EQo/Erp1,; S A o Jo exp (=mar)dr
__ ™y
Moreover, denotingr ;, as the variance ofr i, the PDF of N2 + 13
; _ Lr qi s
S can be given b)ﬂcS (s) =202 B, SXP ( Eipr, k) Where “4Note that the series expression@f, () (for ®, > 0in (15)) is also valid
q = HJLRl i for Lp > 2 and @ = for for the case ofb;, < 0. However, we present another closed-form expression

P without infinite series to facilitate the computation ®f;, () when®; < 0.
Lgr=1.By subsntutmg the PDFs of andT into (12) and Similarly, it can be seen the series expressiolEQ{y) (for &, < 0 < P,

using the results of Appendix, the third term in the rightitia in (16)) is always valid except for the casé = 0 or ®, = 0).



00 EQ o —(l+1) P
3 2 l+1<_b) ¢><z+1,ﬂ),q>l,>o
=0 (0 +waEQ/Erppr i) E E
Ok (¢) = EQyex (—% [ + szQQD (Ei (& [ + szQQD _Ei (M)) @, <0 (15)
265P E | ErpRrk E ¥ Erprk ErpRr.k b
Erpr i _
EQ,In (w2E92¢+1) By =0

E e (B (1 (000 i ((B0Y)
o) I+1
exp (—%)Z E(I)lQlH 1(—%) " )¢ <l+1,—@),fbb<0<®a
E (o + EQo/Erp1;)™" E E

Ea‘(@: EQ EQ EQ
E ool @l B |\ (g 2P B m (@, B |\ 6 - <0
o, E |77 T o, E 0, E YT T 0, b= Pa

p
£ (1 + @Elpl,j/EQo) By — 0
P, 1+ @Erp1,;/ E

(16)

By the root test[[14], it can be seen that the infinite series éxpression off’, ys (¢) can be written &5
(15) and (16) are always convergent wher< oco.

Finally, the lower bound of the outage probability for the E Diqsp>
AF-based TDBC protocol in the presence of CCI can bé’wng( ) ~ (fl) 200 ZZ 7w QRk (pE_ +P? )
derived by substituting (13) and (14) (or (17)) in to (123, ,. ] R

POUTLB(R)Y = Fun (p) =1— Py (¢) — Py (¢). (20 pri (1 1\rA, 20,
QUTLB (Ry) = Fya (¢) (0)~ P (). (20) > (m <A1 w) k20
B. Asymptotic Analysis (23)

To offer an intuitive observation into the effect of CCI onlThrough the asymptotic expression, it can be seen that when
the outage performance, we develop asymptotic analysiseon the ratio of useful power to interference power is constinat,
outage probability based on the analysis of subsection A. ABF-based TDBC protocol dose not achieve any diversity.
cording to [15][16], the asymptotic expression can be aetiv
by performing McLaurin series expansion E{,ue ) and
taking only the first two order terms. Wherein "the McLaurm In this section, we provide the simulation results to ver-

series expansion dd;, (¢) can be given by ify our theoretical analyses on the outage probability.slt i
@ assumed thafl}, 7, and R are located in a straight line

B 1) ©,7(0) , 5 and R is betweenT) and 7». The distance between two
01 (9) =01 (0)+6,” (0) o+ —5—¢ +0(#%): @1 terminals is normalized to 1 and the path loss exponent is

P : ) set to 4 [17], thus the variances &f, h; and he can be
whereQ (9) indicates the higher order term éfand©, (0) computed as)g = 1, Q; = D;* andQ, = (1 —D1)74

IV. SIMULATION RESULTS

(n=1,2) can be determined By[13, 0.410]: respectively, whereD; indicates the normalized distance be-
) tweenT; and R. The normalized distances between node
0, (0)= {9(% ”rzw} =0 N and the interferers that interfer® are assumed to be
, dg (o,7) d evenly distributed on the intervdh,, as) = (1,1.5), where
6( )(0) = l y : + 05 (g(ga,r)|rzw) : N € {T1,T», R}. Hence,pgr, and p;; can be determined
o= 99 =0 by pr = (a1 + (k—1) (a2 — a1)/ (Lr — 1)) " andp; s, =
e wy L o (22) (o + (k= 1) (a2 — 1)/ (Li = 1)) "
whereg (p,7) = (Fo; + E,p;,,c) exp (— ). Moreover, | Fig. 2, the outage performance @& is presented as

the McLaurin series expansion Bf (¢) can be calculated us- 3 function of the transmit poweE, where E/E; is fixed
ing the similar method as in the above. Finally, the asyniptot

5The asymptotic expression here is obtained based on thessipn of

5Note the@l(c") (¢) here is obtained by taking the derivative of its integraer%B («¢) in the case ofbq # 0, however, for the case abo = 0, it can
expression which is given by (26). be verified that this expression is also valid.
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Fig. 2: Outage performance &t with fixed E/E;, whereD;
= 0.5,w; = 0.5 and R; = 1 bit/s/Hz.
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Fig. 3: Outage performance @& versusE/FE;, whereE; =
5dB, D; = 0.5,w; = 0.5 and R; = 1 bit/s/Hz.

of D;. It is seen from the figure that the optimal relay
placement moves toward: as the number of interferers
(and total interference power) that affects the relay iases.
This is because the AF operation adopted by the relay. From
equation (4), we can see that, for givém, as), when Ly
increases, to decrease the amplified interference (ieetetim
(A3 + A3) Bl (Br S5, |dri] + 1)), the relay should
move towardl} to decreas¢h1|2.

V. CONCLUSIONS

In this paper, we study the effect of CCI on the AF-based
TDBC protocol. Lower bound of the outage probability is
derived and is shown to provide a good match with the sim-
ulation results. Meanwhile, a simpler asymptotic exp@ssi
of outage probability is also provided. We show through both
analytic and simulation results that the achievable dityers
of the TDBC protocol in the interference limited scenario is
zero. Moreover, we investigate the effect of relay placetoen
the outage probability and show that when only consider the
outage performance at one terminal (€lg), as the number
of interferers that interferes the relay increases, thémabt
relay placement needs to move towalg in order to obtain
the optimal outage probability &f; .

APPENDIX

Substituting the PDFs of and7 into (12) and interchang-
ing the integration order, we can obtain

1 I wi+1) e Djdk
P. —_ Rl
2 () = E2 exp( (Ql + RO ) E) zj: . Q0

@ D, o o—r 1
/0 exp <—Er) /0 exp (— [szQQ + EIPR,k] s) ds
[l (- 20) £ i)
0 E Ql w2 QQ E E]pl,j

x (t + 1) dtdr.

at 30dB. The outage performance of the scenario without _ _ _ _ (24)
interference is also presented as a benchmark. It is setth¢ha Casel (P, # 0): In this case, solving the integrals with respect
outage performance degrades as the numbers of interfarerd® s and¢, we can yield

crease. Furthermore, the slope of outage probability cuave
steep in the low SNR region®{ < 15dB). This is because the _
power of AWGN dominates the interference power. While a X ZZ FE

Pa(p) = e (- (- + 28 3)

EQq woPa Qo

performance floor can be observed in the high SNR regiondue 7 * #*77 (m PR )

to the dominant role of interference power. This phenomenon
also indicates that the achievable diversity order of thé8TD
protocol in the interference-limited scenario is zero..Fg
studies the outage performance Bt againstE/E;. From

L + -
oo Qg +E1p1,j EQq ' Erp1,;

EQ, B EQ, 3
[i L L) 22— exp ( E‘F’)]
E Q1
1

_|_
&
o}
=)

. . . EQ, ( 1 wod 92) Ok (90)
Fig. 3, it can be seen that the outage probability mcreases T E B T R

as the numbers of interferers as well B3/F increase as
expected. Finally, a fine agreement between the analytittses

1 EQoQ P, =.
+ W + Lp+EE_§io(ii_wzq)a92)> =J (90)} ’

P15 PR,k

and simulations can be observed from the figures. (25)
Fig. 4 investigates the effect of relay placement on thﬁhere@k( ) and Ej (¢) are expressed as

outage performance, where numbers of interferers thattaffe

T, and R may different. Without loss of generality, we setO (¢ fo = r+ T=r; _ws — €XP (—%T)dr

L; = 1 and let Ly increase from 1, 5, 10 to 15. Then: Fiork (26)

we examine the outage performance gt as a function

“j(p:fo %’“"(ﬁ"’%iﬁ)%"‘ 1 exp( %’)d?"

Ere1,j



When &, > 0, to solve the integral@k (),
apply Taylor series expansion(£; B -) =
EQL Y2t /(o + ngQg/EIpR,k)l+ . Then based on [13,
3.381.1], the integral can be solved into
PPy
= )

—(1+1)
O (¢) :; )lﬂ (%) é (z +1,
(27)

= (o +
When®,, < 0, Oy, () can be solved by replacing — r) with
t, and then using the integral result reported in [13, 3.352.1

) [ g (3)
— @ %, eXp | =t )dt
E 0 EQz+' E

EIPR k
(I)b |: WQEQQ:|)
=FEQsexp | —— + = -
2P ( E 7 Erpr
@, [ w2EQz]> . (wzq’bfb))
Ei + —-— —Ei| —=—— .
< ( E 7 Erpr Erpr
(28)
using [13, 3.352.1] OE; (¢)

On the other hand,
0, we can vyield Z; ()

when &, > &, >
£ exp (224 (Ei(—2eleta)) _ gj(—2t%)). To solve the
|ntegral i (p) when®, < 0 < @, S|m|Iar approach as in 2

the case 'ofbb > 0 for ©4 (¢) can be used, then we obtain [3]

( q)b@)/w 1
T 1
E 0 %EO—FEIPI,

e p<¢ )dt
X
]‘_%t E []

we

EQ,

UJQEQQ
E1pR,k

Ok () = exp (—

(1]

Do) E®LOLH
= oxXp (_ E ) Z 1 5
1= (p+ EQo/Erp1,5) 5]
—(1+1)
cI)b (pq)b

(29)
Using the similar method as in the casedaf < 0 for O (¢),
it can be shown that, whe#, < ¢, < 0,

[7]

EQ
SRy B 78 DO b v °
AN o, P\ TE Q®,
EQ EQ
Ei (I)b . g Elplo,j _Ei (I)b E1P10]
B 0P, E  Q,

(30)
Moreover, it is very easy to verify tha®y (p) and Z; (¢)
can be expressed as in (15) and (16) wkgn= 0, thus the
derivations details for this case are omitted.
Case2 (¢, = 0): In this case, it is easy to verify by using
the equation®, = 0 that the sum of the first term and third

] S. Katti, S. Gollakota, and D. Katabi,

O Lower bound (analysis), L=1
Exact (simulation), Z,_=1

O Lower bound (analysis), L.=5
Exact (simulation), L =5

O Lower bound (analysis), L=10
Exact (simulation), L =10

O Lower bound (analysis), L_=15
Exact (simulation), =15

0.014

Outage probability

1E-3

Fig. 4: Outage performance &f versus relay placement; =
30dB, E;=10dB, w1 =0.5, R, =

1 bit/s/Hz andL;=1.
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