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Abstract—We analyze the outage performance of a two-way has been investigated. However, the systems consider8l in [
fixed gain amplify-and-forward (AF) relay system with beam- [10] are limited to single antenna model.
forming, arbitrary antenna correlation, and co-channel interfer- In this paper, we consider a two-way relay system in which
ence (CCI). Assuming CCI at the relay, we derive the exact th t - | del d with ltiol ¢
individual user outage probability in closed-form. Additionally, e sour(?e ,erm'nas are deployed wi . mu _'P € an e_nnas'
while neg|ecting CClI, we also investigate the system outagecommun|cat|on between the two users is facilitated using a
probability of the considered network, which is declared ifany single fixed gain AF relay. Furthermore, due to the use of
of the two users is in transmission outage. Our results indate multiple antennas, we consider beamforming and maximal
that in this system, the position of the relay plays an imporant  ati5 combining for coherent detection. To the best of the

role in determining the user as well as the system outage )
probability via such parameters as signal-to-noise imbalace, authors” knowledge, the effect of CCI on the performance of

antenna configuration, spatial correlation, and CCI power. To Single or multiple antenna two-way AF relay systems has not
render further insights into the effect of antenna correlation and been addressed.

CCl on the diversity and array gains, an asymptotic expressin In particular, we derive a closed-form expression for the
which tightly converges to exact results is also derived. outage probability by considering antenna correlationsar u
terminals and CCI at the relay. In order to gain further intsg
we also develop high SNR outage probability expressions. Th
. INTRODUCTION asymptotic expression reveals that in a fixed and relatiosty

The commonly assumed one-way relaying protocol in tHBterference environment, antenna correlation of a fuflkra
literature is limited in system throughput since two tim&Orrelation matrix has no impact on the diversity gain, e
slots are required per single transmission. The loss oesyst€dual to the minimum number of antennas equipped at the two
throughput can be recovered by exploiting the concept of twd2U"ces- In order to cpmprehenswely evaluate the perfocmna
way relay transmission [1]. Consequently, two-way reIgyinOf two-way cor_‘r_1mun|cat|on further, we ana!yze the system
has attracted a lot of interest, e.g., [2]-[4]. outage probability, Wher_e an outage event_ is declared when

In addition, multiple antenna deployment in fixed gaify of the two sources is in outage. Thus it is a measure of
amplify-and-forward (AF) relay systems can bring furthe?® overall Quality-of-Service (QoS) that the system cdarof
gains at a low practical implementation complexity. In jrart [0F tWo-way communication. We note that the system outage
ular, hop-by-hop beamforming is a good technique to realifi@s not been widely understood even for simple single aatenn

the benefits of deploying multiple antennas [5]. Howeve'i’{_"o'\’_""]ly relay s_yst_e_ms with no CCl effect. The obtained resul
due to space limitation in transmitters and receivers, rarge highlights the significant role of relay placement on theaget

correlation can degrade the system performance. For oge-@§formance. .

beamforming transmission, by considering antenna cdivela '\otation: The superscriptd” and f stand for the transpose
at the transceiver, the performance of a dual-hop fixed g&Rd transpose conjugattly||, denotes Frobenius norm of
AF relay network over Rayleigh fading channels has bedf® Vectory. Ex {.} is the expectation operator w.rt. the
investigated in [5], [6]. random variable (RV),X. I' (n) is the gamma function [11,

Besides antenna correlation, co-channel interferencd)(CEq' (8.310.1)IF (a,:;) Is the |nc.omple.te gamma function [11,
presenting in cellular systems is another significant immpant q (8.350.22!,1&&:2 |snEuI§r ps| funcuonl [11, Eq. (8'36.0'1.)]’
that can degrade the system performance. Therefore, aaeubs@ln (x) = fl et 1S the generalized exppnentlal n-
tial number of research works [7]-[10] have been carried o gra_l function, andc., (')_ is the nth-order modified Bessel
to investigate the effect of CCl on the performance of fixe(’jmCtlon of the second kind [11, Eq. (8.432.6)].

gain AF relaying. The outage probability of a fixed gain relay
system with CCI at the destination has been reported in [7].
In [8], the effect of multiple Rayleigh interferers at thdaye : |
has been quantified. In [9] and [10], the combined effect 0 SourcesS; andS, equipped withlV; and N> antennas,

CCl at both the relay and destination on the outage protyabillESPECtively, communicate using a single antenna AF r&lay,
The antenna arrays &; and S, experience spatial antenna

This research is partly supported by the Singapore Uniyefi@chnology co.rrelation,. which can be CharaCt_erized by two spati.alec?orr
and Design (Grant No. SUTD-ZJU/RES/02/2011). lation matricesZ; andZE,, respectively. The communication

Il. SYSTEM AND CHANNEL MODEL
Consider a dual-hop two-way AF relay network where
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betweenS; andS, occurs in two hops. In the first hof; IE{|52|2} = Ps. To maintain the average transmit power at
and S, simultaneously transmit two messagasand s; to the relay, the amplifying gaig is determined as

R. Assume thatS; and S, have the perfect knowledge for )

L
channel state information (CSI) of the linksRp the transmit 1 _ »:%h r:%h 2 + Pryg, 2+ Mo\
beamforming can be performed by multiplying and s, G2 ! IHF 2 2HF ; 7’5|gé| P
with weighting vectorsvy; andwrs, respectively. The signal (6)

received aRR, corrupted byL interferes, is given by

2
To simplify the notation, we denotg, = 7 nll , for
T=1/2 —1/2 I . F
yr = h1 1 "Wris1 + hoEy “wrase + Zgﬂz +zr, (1) ne{1,2},andy; = >, , Pe/Nolge|?, with ¥ = Ps/Ny. The
=1 instantaneous SINR &, for n € {1,2}, can be rewritten as
— T i
whereh,, = [hn1,hn1,...,hnn,]", for n € {1,2}, is the 5. = Y172 )

Yu(y3 +1)+C’

where(C is a constant given b¢ = Ps/(NyG?), which will
be derived in the sequel.

It is important to obtain the statistical characteristi€R¥
vn, for n € {1,2}, given in (7). Without loss of generality,
assuming that the correlation matrk, has @, distinct
non-zero eigenvalues, i, An2, ..., Ang, With multiplicities
Qn1, 02, - - -, 0nQ,, , Fespectively, the probability density func-
tion (PDF) and cumulative distribution function (CDF) ¢f

N,, x 1 channel vector front,, to R with average channel
power Q,, zr is additive white Gaussian noise (AWGN)
with zero mean and varianc&. In (1), z; and g, are
the interfering signal and channel coefficient from théh
interferer toR, whereE {|z,|*} = P, andE {|g¢|*} = Qs
fort=1,2,..., L.

In the second time-sloR amplifiesyr with the fixed gain
G before forwarding the resulting signal to bdh andS,. At
each source, e.g5, the N> x 1 received vector signajs, is

given by can be formulated as
Ys, = gEé/thﬁi/thwﬂsl + gEé/thhQEé/QWTQSQ AN nzg'yj ! —
L Frn () =) Z e ®)
+ G2y hy Z g + G2y hozg + 22, () ==t

=1 Qn ani j— 1 k .
. O R R (—) G

where z, is the No x 1 AWGN vector with zero mean =11 o

and varianceNy. Since each source node knows its own

transmitted signalSs can remove the self-interference partVNeré X»i = Ani{l, and the expansion coefficient,;; is
i.e., the second term in (2), which requires the knowledge gefined as

V1 = 'Pg/]-V()E“gA o= 1,..., L. We then multiply the (i )= i Qn o
received signal with ai x N, received weighting vectawry ¥y = 7 TR H (t+ Xnij) ™
to yield (ni = )! 1=1,1#i —
=—Xnij
s, = WRQQ_,Q/ hQ‘_‘1 hle131+ When the channels are independent, Bg. js identity matrix,
we haved,; = 1 fori =1, 7 = 1,2,...,N, and
+WR2gE§/2hQZgé$é+WR2gE§/2h2zR+WR222- (3) Unij = 0fori =1,5 = 1,2,...,N, — 1. When the
—1 correlation matrix follows an exponential model, i.e., @i
eigenvaluesxnl,/\ng, ...y Ann,, are distinct, we have,,; =

According to the principle of hop-by-hop beamforming [&], t
maximize the signal-to-interference plus noise ratio (SN Xm / H (Xni = Xnl)-

1=1,l#1
transmit weighting vector &, i.e.,wr, and receive weight- ;.o 3 is the sum ofL exponentially distributed RVs,
ing vector atS,, i.e.,wgo, are chosen as follows:

its PDF is easily given byf., () = Y7, Brexp (%
Ty

1 1 1 1 __ _ N .
wri = (E7hy)/ :.fthF, Wre = (B3 hy)/ .:ghQHF. where 5, = 71[1 | JPye! - Wk/'w) !. Using the above
4) correlation model, constat is obtained as
From (3) and (4), the SINR &; | d LS S
rom (3) and (4), the o Is expressed as C— szﬁhﬂxh +’Yzzl92rtt><2r Z Pe +1
—1/2 2 2 i=1 j=1 r=1t=1
= th hQH (10)
Vs, = ®)
h H (Ze 1 Pelgif? +N0) + NO/g2 I1l. OUTAGE PROBABILITY ANALYSIS
Without loss of generality, we assume that the two sources! e outage event occurs when the instantaneous SINR falls
transmit the same amount of power, i.é&{|s:[>} = below a predefined threshold. In this work, we consider the

outage probability in two cases: i) the user outage protigbil

IR can convey these average values 3p and S and update them atS; F)I’_ Sz and ii) system outage prqbability declared when
periodically using a low rate feedback channel. the minimum SINR betweef; andS, is below a threshold.



A. User Outage Probability and fixed {;, does not vary when the SNR is increased). On

In this particular case, the outage probability is defindf€ other hand, when a symmetric network is assumed, such
as the probability that; or S, is in outage, i.e.,Poy = that the interfering terminals transmit with the same power
Pr (s, < Yth) = Fue. (Pou)- characteristics as the useful terminals, (implying that tiR

1) Exact Outage Probability: Consider the outage probabil-tends to infinity when the SNR tends to infinity) e.g., [8],

ity for S. The exact CDF ofys, is given by (see Appendix A [12], the diversity order becomes zero regardless of the use
for proof) of multiple antennas &8; andS,. Result®(l, ¢, k) in (15) is

o . i defined according to the relationship of the running indices
1 Q14 J—

Pu=1-233"%" 14(1917] 3 <’lf> N t, andk as follows:

=S o o)t S o If I+t—k >0, we have

Q2 aszr ; Ck_1.0—
B o Yoy 'Ythc min(l+t—k—1,0—k) \O—k+1 1y
w e~ Y/ (x1i) E E 2rt Ky 2, [ = - ( 1) (l—i—t k—w 1).
Tt T\ ik 21k = ZO 00—k —w)!
l L —s5—1 h
MhCxor \ =k ! Yth 1 0
()T g e ) «(

X1i = o X1 I, XQT)

kelqw O—i—t 0w
(=1)7=k= /(0 — £ — 1 — w)!
LD T ey sy

w=

(11) t+w
_ , . 0 1 O%h 1
When a particular channel correlation model is adopted, we > Yor 0g X1iXor Y(w+1)
can further simplify (12). For e.g., in the case of exporadnti
correlation, (11) reduces to —Yp(l+t—k+w+ 1)] . (16)
N1 N2
Pout=1— 221911.@‘*% Z 19LT_ 2inCxar o If I+t — k=0, we have®(l, ¢, k) = ®(t, k), shown as
i=1 r=1 X2r?Y X1i ( )
L ~1 6-k  log (==L ) — 2¢p(w + 1)
YthC 7th 1 ) _ IX1iXar
x Ky |24 ) .22 D(t, k) = — = (17)
' ( 72X1iX2r> ;ﬂz <7X1z‘ V1, (12) wz::O(—l)Hw Owlw!( — k — w)!xs,
For the case of independent fading, (11) simplifies to o Ifl+t—Ek <0, we have
Nzl oy 4 W\ imli Notl—i min(k—l—t—1,0—t—1)
— e 7 ¢ i wCQ \ 25— ’ )0t~ —t+w — 1)
Pout—l—?Zi!fﬂnliz (l) O\ N ’YhQ 2 2 &1 k) — ( ) ( w
gt () g T(N2)(7922) V2 ( 1 ) (,t,k) wZ::O wl(@—t—1—w)!
L L -1 w—+t 0—k 0—t—l—w
X KNy 41—i (2‘ /72%hC ) —l!s : Be | 2+ 1 . 4 (=1)
2 7201 Q0 ;(l )l; (’YQl ’Ylg) X o +w:Ow!(k—l—t—|—w)!(9—k—w)!
(13) 0 k+w—1 oY
h
2) Outage Probability at High SNR: To provide additional X (Xz ) {bg (m) —(w+1)
insights into the behavior of the outage probability and to " e
investigate the diversity order and the array gain of théesys —Ypk—-l—-t4+w+ 1)] . (18)
we now present an asymptotic result. In the high signal-to-

noise ratio (SNR) regime, i.€}, — oo, we can expresS ~ 07 For an exponential correlation modet, given in (15)
wherep is a constant, which results in (see Appendix B fogimplifies to

roo
e N e ~ (v, 1)
1
s ~ o) = V102, Y o = +—> ®,, (19
‘) ( 5 )N% N < Ny @ ;; n ;xi’i ('VXM V1, v (49
P(;).Jt = C(N3) (%)N if N1 = Ng = N3 ) (14) where
2
c L if Ny > N
(N2) ( 5 ) 1 2 6—-1 (_1)9 [ln (%) —h(w+ 1) — p(w + 2)}
where constant gy, for 6 = min(Ny, N2), is written as ¢y = ~ Ww + D0 —w—1)!
Q1 ai; j—1 k Q2 az, l a w1
_ D1ij k Dare l! 0 (—1)0+1
=2 S ()XY (L) e 20
i=1 j=1 k=0 =0 r=1t=1 s=0

L ~y 1N 1\¢ From (14), it can be observed that when the channel corvelati
X Zﬁf! (?Xl' + WT) (X1_> ®(l,t,k). (15)  matrices are of full-rank, the diversity order is equal te th
=1 ‘ ¢ ’ minimum of antennas &; andS,, i.e., min(N;, N2), which
Recall thaty = Ps/Ny and 5, = P¢/No. In (14), we have is the maximum achievable diversity gain, and that conetat
assumed that the interference-to-noise ratio (INR), is low does not affect the diversity order.




B. System Outage Probability Analysis

The two-way relaying concept considers information ex-
change betweef§; andS.. Therefore, in some applications,

successful transmission is declared only when H&thand

Sy in operation. In other words, the considered system
suspended if any 06, andS, is in outage [4]. We define
the system outage probability as

Pout = Pr (min(vs,,7s,) < Vth) - (21)

Since the two RVsys, and~s, are dependent, in this case

the mathematical derivation is much involved. Therefooe, f
the mathematical tractability, we omit the effect of CCl.eTh
instantaneous SINRs given in (7) are now rewrittenygs=

% for S; and~s, 7”2 for So, which leads to

Pout = Pr[min(ys,,7s,) < Y]
=Pr (751 < Mth, sy < ’752) +Pr (752 < Vthy VS, < 751) :
I

Iy

(22)

Because of the symmetry betwe&a and Z, in (22), we
concentrate ofi;. Since the conditions, < s, iS equivalent
to 1 > 72, we obtain

2th€

o) Yih+ e
ni=[ 0w
€ 0

J1
€ 71
+ / fon () fra (72) dy2dm,
0 0
T2

wheree = % ('yth + \/'yfh + 4%,16) is the positive root of the

quadratic equation? —yi,y1 —vinC = 0. The exact expression
for Z; is given by (see Appendix C for detailed proof)

Q1 ai;

fra (72) dy2dm

(23)

Q2 az, t—1

1911 021“1& Yth k
n=1- 3N e S
i=1 j=1 Xl'y r=1t=1 k=0 YX2r
k 0o .
_ —~vuC s EjJrlfsfk
w4 g~/ (Yx2r) < >Ck ! <’Yth )
{ ; ; YX2r s!
. € 1 1\ Ik
X Bl tr—j-i41 (_ ) - (_ _ )
YX1i YX1i  VXer
x{l“(jJrk)—F(j—Hs,_ + = )” (24)
X1 YX2r
Similarly, Z, is given by
5 S ()
I,=1- i r ( )
i=1 j= 1 TO) (x2i7)? =1 t=1 k=0 TXar
j+l—s—k
=Y/ (Ix1r) k—I —tC 14
X{e ;<l)c Z( YX1r ) s!
. € 1 1\ Ik
X Elgpr—j—141 ( ) + ( _ >
YX2i YX2i YX1r
X{F(J'Jri<r)—F<j+k,L+E >” (25)
YX2i  YXir
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Results are shown fob = 3 and {7;, }321 ={1,2,3} dB.

The system outage probability is expressed in the form of
one infinite sum which is shown to converge very fast.
For example, only five nhumber of terms is required in the
summation over index to achieve the accuracy to the degree
of eight decimals.

IV. NUMERICAL RESULTS AND DISCUSSION

In this section, we provide numerical results to valida th
above analysis. Here we apply an exponential-decay model
for the path loss. Specifically, assume that the distance be-
tweenS; and S, is equal tod, we have the corresponding
channel mean powe®y ~ d~*. Then, Kk HQy and
Q9 = (1—r) " Qo, wherex stands for the fraction of the
distance fromS; to R over the distance fronS; to S,. For
example, when the relay is located in the middle betwgen
andS., we haves = 0.5. Moreover, an exponential correlation
model is used where the correlation coefficient betweeri-the
th and j-th antennas of,, is given byp,, ; = p',f’ﬂ with



10’ i Fig. 3 illustrates the effect of CCI on the system perfor-
mance by settingy;, proportional to the average SNR as
~1, = v7¥, wherev is a fixed scalar. We see that, correlation
© e p=09 | significantly degrades the outage probability as all thevesir
N\ exhibit a floor in the high SNR regime. It is interesting
o N\ to observe that correlation improves the performance in the
NS low SNR region. For low SNR, correlation allows potentially
© _ focused power, which is beneficial to the system performance
O, ey [13]. This explains the observed effect in Fig. 3.
e In Fig. 4, in order to show the effect of the relay posi-
v,=5dB —2000000000- tion, we have plotted the user and system outage probability
versus the relative distance parametefor the symmetric
12 case, e.g.(Ny,Na) = (2,2), and asymmetric case, e.g.,
10 ‘ (N1, N2) = (2,4). WhenR is located nearbys;, we have
0 5 10 15 20 25 30 k < 0.5. Notice thatS, outperformsS; whenR is close to
SNR (dB) S, and vice versa, which shows that the first hop channel
governs the user outage probability. In the considereasyst
interference aR is amplified before forwarding to a user, and
it has a dominant effect when the first-hop link is strong. The

>
@

Outage Probability of S
=
[}

Fig. 3. Effect of CCI on the outage probability 66 wheny;, = 7.

0

10 ‘ ‘ ‘ - ‘ system outage probability coincides with the worst casg;of
gzzgz :Zi:f,ﬁz Zizz andsSs, as expected. The best performance for the symmetric
. Systjn OutageProbabiIIity A case is achieved at = 0.5, while it is interesting to see
2 that in the asymptotic case, the best performance is olataine
2 40 i / A for k = 0.3. This observation shows that when the system
';; p =P 03 is balanced, i.e., symmetric topology, must be placed in
£ [ M the middle betweei$, andS,. However, for the unbalanced
= - A case, e.9.(N1, Na3) = (2,4), R must be nearb,. The shift
o) 8 .o of relay location toS; compensates for the imbalance of the
10° Ny AL NN = (2,2) system model. Specifically, in our exampg,has less number
\7/ of antennas, hence, in order to achieve a compromisé for
SO 7 andSs, a designer must carefully select the system parameters.
T \(N]’N\Q ) (2"4) V. CONCLUSIONS

00 01 02 03 04 05 06 07 08 09 1.0

Relative distance parameter k

We have investigated the performance of a two-way fixed
gain AF relay system with antenna correlation and CCI. In
Fig. 4. User outage probability &, So. and system outage probability order to analyze the effects of these important p_r_actlcphnm _
versus the relative position of relay. ments on the user and system outage probability, we derived

the exact closed-form expressions. Moreover, asymptesiclt
providing further insights into array gain and diversityder
i,7 = 1,2,...,N, andn = 1,2. In all examples, we set was also obtained. We see that multiple antenna deployment i
vh = 5 dB andQy = 1. Unless otherwise stateR, is located an attractive solution to improve the outage performancenwh
half-way betweerb;, andS,, leading to2; = Q5 = 16. the relay system is affected by low level of CCI. However, if

Fig. 1 shows the outage probability 6% for the case of the CCI effect is more severe, the performance significantly
N; =3, Ny = 2 and a single interferer witlj;, = 1 dB. As deteriorates. As such, multi-antenna interference catioal
expected, we see that high correlation adversely degrégesdchemes could be additionally implemented and considered
outage probability. However, only the array gain is affdctefor future work.
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