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I. INTRODUCTION

The concept of two-way channels was first introduced in [1], but with the recent emergence of coop-
erative communications, two-way relaying is attracting considerable interest. It allows for simultaneous
communications over half-duplex links between two source terminals through relays. Spectral efficiency
could be, in general, considerably enhanced [2]. In addition, for many practical reasons, a relay selection is
usually adopted to reduce the complexity of the two-way relaying schemes. However, unlike conventional
one-way relaying [3]-[5], the selection process is not straightforward since it involves two end nodes,
with different resources and interests, that should agree on a single relay. Hence, a common selection
metric should be carefully elaborated.

A number of works in the literature have considered relay selection in the context of two-way relaying
for both Decode-and-Forward (DF) [6], [7] and Amplify-and-Forward (AF) relaying strategies. For the
case of DF, the authors in [8] investigate two relay selection metrics: the conventional Max-Min criterion
[9], and the Max-Sum approach [10] to maximize the instantaneous sum rate of the cooperating nodes.
Another relay selection scheme is proposed in [11], where the relay is selected to maximize the weighted
sum rate of the bidirectional rate pair on the boundary of the achievable rate region. Other examples
include [12] where a two-way relaying technique based on modular network coding and opportunistic
relay selection [13] is proposed, and [14] where the authors present a simple Double-Max criterion based
on which a “best” relay is selected for each user. In all the cited works, the relay selection is based on
perfect channel state information (CSI). The impact of imperfect CSI on the performance of relay systems
is considered in [15].

For the case of AF relaying, the authors in [16], present a Max-Min two-way relay selection technique
based on outdated CSI and analyze the outage performance of the considered system. Another work
in [17], also investigates the Max-Min criterion with outdated CSI and analyzes the system’s performance
in terms of the end-to-end symbol error rate (SER).

In this work, we focus on the outage performance of two-way selective relaying with DF. First, we
propose a new “constrained” relay selection approach based on the maximization of the “weighted sum
rate”, combining the knowledge of end users transmission rates with the available information on links
quality. This is not to be confused with other works (e.g., [11]) aiming also to maximize linear combinations
of two-way transmission rates'. Second, we derive closed-form expressions for the outage probability of

'In [11], authors adopt a different approach to maximize the achievable rate of each link. The coefficients in the linear combination,

therein, are predetermined multiplication factors reflecting the most constraining link.



the analyzed system over independently but not necessarily identically distributed Nakagami-m fading
channels. Then, we extend the analysis to the more realistic scenario where the available CSI for relay
selection is outdated due to fast fading. We obtain new expressions for the outage probability and we
evaluate the impact of imperfect CSI on the performance.

The contributions of this paper vis-a-vis our conference paper [18] are summarized as follows:

« We develop a general framework for the proposed relay selection technique when the available
CSI at the central controller is imperfect and hence the selection is based on outdated channel
estimates. Then, we compare the corresponding performance with the perfect CSI case. Moreover,
we consider both scenarios when the transmission from the end node terminals to the selected relay
is achieved over two different subcarriers, in the orthogonal case, or over the same subcarrier, in the
non-orthogonal case.

« We investigate the outage performance of the system with the proposed relay selection technique over
Nakagami-m fading channels and we present closed-form expressions for the outage probability.

« We compare the outage probability performance of the system when using the proposed relay selection
techniques with other approaches from the literature, namely the Max-Min technique, the Max-Sum
technique, and random relay selection.

The rest of the paper is organized as follows. In Section II, we describe the analyzed system model and

present a new relay selection metric in the specific context of two-way relaying. The outage analysis over
Nakagami-m fading channels is presented in Section III. Numerical examples illustrating our analysis and

comparisons with previous approaches are presented in Section IV, and Section V concludes the paper.

II. NEW METRIC FOR RELAY SELECTION
A. System Model

We consider a two-phase two-way relay network consisting of two end terminals (T; and T;) and K
intermediate DF relays (ry, ..., rgx), as depicted in Fig. 1. All nodes are equipped with a single antenna
for both transmission and reception and they all operate in the half-duplex mode (i.e., a node can not
transmit and receive at the same time).

At the beginning of each transmission phase, a relay selection scheme is adopted to select one interme-
diate node r;, among the K available relays (the same for both end terminals) to assist the communication
between T; and Ts. The criterion for relay selection as well as the adopted metric are introduced in the

following subsection.
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Fig. 1. Block diagram of a two-way relaying system with K parallel relays.

The fading coefficients between T and ry, 1, and Ty, Ts and rg, and 1, and T, are respectively denoted
as hig, hgi, hor and hygo. All channels are assumed to be independent but not necessarily identically
distributed and not necessarily reciprocal. The relay selection is based on outdated estimates of the fading
coefficients denoted as lek, fzkl, ﬁgk and ﬁkg. The noise over all channels is zero-mean additive white
Gaussian (AWGN) with the same variance Ny. An average transmit power constraint P is imposed on
every transmission block, at both terminals and at each relay. The average signal-to-noise ratio (SNR) is
given by SNR = P/N. Thus, the instantaneous SNR over the channel between nodes i and j is given
by 7ij = |hii|*SNR. We denote by x; and z, the symbols transmitted by T; and T, respectively, and we
assume that E{| z; |*} = E{| 22 |*} = 1. The mutual information between nodes i and j , denoted by Ij,
can then be given by :

1
Iij (SNR) = 5 1Og2 (1 -+ SNR|hlj‘2) .

The communication between the two end terminals takes place in two successive phases: the transmis-
sion phase and the relaying phase. In the transmission phase, terminals T; and T, transmit, simultaneously,

information z; and z, to relay r; in the same time slot. The received signal at r; can be written as

Yr = V Phygzy + V Phopzo + ny,
where ny is the noise component at relay r,. In this transmission phase, two scenarios are considered
[19]:

« In the first scenario, both terminals T; and T, transmit orthogonally to the relay. This orthogonality

could be achieved using two different subcarriers to convey the data of each end terminal to the



relay [20]. The relaying node will then decode the information coming from each terminal without
experiencing any interference. Given the target transmission rates Rthl and RthQ between T; — 13,
and Ty — 11, respectively, an outage occurs at the relay if I, < éthl and Iy, < éthQ. In the rest of

this paper, we refer to this first case as the “orthogonal” case.
« In the second scenario, no orthogonality is assumed and the terminals transmit in the same frequency
band. In this case, the relaying node will be able to decode the information sent by terminals 77 and
T if Iy, > f%thl, Iy, > f%m and %logz(l + Y1k + Yor) > f%thl + f%m as proven in [21], otherwise an
outage event is declared at the relay. This scenario will be referred to as the “non-orthogonal” case.
In the relaying phase, if the decoding is successful at the relay, r; will broadcast a bitwise XOR version
of the two received and decoded signals in the the same time slot and the same subcarrier [22], [23]. The

received signal at terminal T;/i € {1,2} can be written as

where n; is the noise component at T,;. Each terminal will then decode the received bitwise XOR signal
and then perform self interference cancellation to eliminate its own signal. Note that for the orthogonal
case, if the relay is only able to decode the information sent by one terminal, only this information will be
broadcasted in the relaying phase. Details on the transmission scenario and the outage event occurrence

are described in Fig. 2 for both the orthogonal and the non-orthogonal cases.

B. Selection Metric

At the beginning of each block, a relay selection process is conducted to choose one relay to assist the
communication between T; and T,. We consider a centralized selection process where all communicating
nodes feedback their channel state information to a central controller that is responsible for the selection.
The feedback information from the communicating nodes to the controller may be delayed in time and
hence the CSI available for relay selection is assumed to be outdated.

The selection is performed in two steps. At first, the central controller starts by determining the set of
relays satisfying |hz1|2 > g1 and |hga|? > o, where i and ps are given selection thresholds. This will
limit the selection to potentially “good” relays and hence reduces the complexity in terms of computations
for the selection process. We denote the set of selected relays by Ky, and its cardinality by K.

In the second step, the central controller selects one relay among the K, pre-selected ones. The selection
metric is based on maximizing the weighted sum of the achievable rates during the transmission phase, i.e.,

2 logy <1+SNR|lek|2) + qr1 log, <1+SNR|ﬁ2k|2> where ¢;; and g represent the weighting coefficients
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Fig. 2. Block diagram of outage events for both the orthogonal and the non-orthogonal cases.

and k € {1,---, Ky}. Since the two end terminals experience different channel fading conditions during
the transmission and the relaying phases, we define the weighting coefficients as a function of the channel’s
quality in the relaying phase, i.e., qi2 = |iLk2|2 and g1 = |ka1|2. The weighted sum rate is then given in
terms of two elements: the transmission rates by each end terminal as well as the instantaneous channel

quality from the relay to the other terminal. The selected relay ry, k € {1, ..., Ky}, should then satisfy

k =arg max {Iﬁk2|210g2 <1+SNR|H1kI2> + | |2 log, (1—I—SNRIIAL2;€I2)} : (1)

ke{lr"’Fth}



The proposed relay selection technique guarantees a better outage performance compared to other
selection techniques. This is shown through simulations in the numerical results section. However the
analytical derivations for the outage probability with this technique are challenging. For this reason, and
based on the proposed metric, we consider a modified relay selection technique where the instantaneous
transmission rates are substituted by the averaged ones. The selected relay i, k € {1, ..., Ky}, with this

modified relay selection technique should then satisfy

k =arg max {|ﬁk2|2R1 + |ka1|2R2} , 2)
kE{l,...7th}

where R1=E [log2 <1+SNR|ﬁ1k|2>} and Ry=E [log2 (1+SNR|E%|2)] are, respectively, the average trans-
mission rates by terminal T; and terminal Ts.

Note that, the selection metric is, implicitly, equivalent to a sort of “fairness” where the end terminal
with higher rate and/or better channel conditions during both the transmission and the relaying phases
will be privileged during the selection. The objective is to ensure that the total rate received by both end

terminals T; and T,, at the end of the communication, is the maximum possible rate.

C. Notation

A summary of some notation used in the rest of this paper is presented here. First, we denote by Pr[X]
the probability of event X, by fx(x) the probability density function of variable X at point z and by
X the cardinality of the set X. In addition, we denote by s, the selection threshold in the link r;, — T;
and we set = us Ry + py Ry with R; representing the transmission rate of terminal T; as defined in the

selection metric subsection. Given the target transmission rate f%thi between T; — 1, we denote by ji; the
22Rthi _ 1

SNR-normalized outage threshold given by: fi; = “SNR

III. OUTAGE PROBABILITY ANALYSIS

In this section, we investigate the outage performance of the system when using the modified two-way
relay selection scheme presented in Section II. We start by considering a general case where an arbitrary
fading channel is considered. Then, we derive the outage probability expressions in the particular case of

Nakagami-m fading channels.

A. General Case

Given the transmission scenario and the adopted relay selection technique presented in Section II, a

total outage event occurs if:



o the set of pre-selected relays Ky, is empty, i.e. K=0. This happens when no relay satisfies the
thresholding selection and hence no relay can be chosen to convey the information of the end
terminals.

o the set of pre-selected relays Ky, is non-empty, but the channels between the end terminals and the
selected relay are on outage.

The total outage probability can then be written, with a simple rearrangement of indices, as

K

Pou = Pr [Ky, = 0] + Z Pr (K] ZPr Pou, 3)

Ka=1
where Pr [Fth] is the threshold selection probability representing the probability that the pre-selected set
contains Ky, relays, Pr (k] is the relay selection probability, i.e. the probability that relay r, among the
K, available relays is selected, and Pour 1s the conditional outage probability given that relay r, has

been selected. In what follows, we develop the expressions for each of these probabilities.

o Threshold Selection Probability

The central controller starts by determining the set Ky, of relays having the magnitude square of
their second hop channel coefficients izkl and ilkg above thresholds ji; and o respectively, i.e., Ky =
{rk e{l,..,K}: hyy > i1 and o > ug}.

Let P be the power set of {1, ..., K}, we denote the set of subsets of cardinality K, by

PFlh = {A E Pz:?th}

The threshold selection probability can be written as

r[Kal= Y H(l — Pr [|o]? < m}) (1 — Pr [|hu]? < m})

APy keA

X H(PI‘ [|hk2|2 < ,u2:| + Pr [|hk1|2 < ,u1:| — Pr [|hk2|2 < ,u2:| - Pr [|hk1|2 < ul]) (4)
kZA

e Relay Selection Probability

After determining the set Ky, the central controller selects relay ry, k& € {1, ...,Fth}, that will assist
the two end terminals T; and T, to exchange their blocks of information. The selection is based on the
maximization of the weighted sum rate. We denote that sum by zi, i.e., zx = qral?1 + qr1 2. Since 1y

is selected from the set Ky, we have ¢, = |fzk2|2 > pp and g = |ﬁk1|2 > 1. Thus, 2z, > p with

= pa Ry + 1 Ro.



Using [24] and denoting the probability density function (PDF) of the truncated variable z; from a

threshold p by fz,, we can derive the probability to select relay rj as

Pr[k] = Pr {k = arg max zi]
Ze{l 7777 Kth}
—+00 —+00
= ka (Zk) H ( fZl (Zl) - Pr [Zl < Zk] dzl) de (5)
© 1#k H

o Conditional Outage Probability

Once the central controller has selected relay r; which maximizes the weighted sum rate, the commu-
nication can start between T; and Ty. An overall outage event occurs when each end node cannot receive
the initial block of information sent by the other node.

Orthogonal Case: The two-way communication between T; and T, can be seen, in this case, as
two simultaneous communications: Ty — Ty and Ty — T,. We denote by Py (T; — Ty), the outage
probability in the direction Ty — Ty, and by Py (Ty — T) the outage probability in the other direction.
We have for (i,7) € {(1,2);(2,1)}

Pouie (Ti = T;) = Pr [|ha|® < 1] + Pr [|hax|? > ;] Pr [(\hkﬂz < fij) | (|7ij\2 > Mj)] : (6)

The overall outage probability when the relay is already selected can be expressed as the product of
Pouji (T1 — T2) and Py (T2 — T). Using (6), the final expression of the outage probability when the

relay is already selected can be written as

Pougs = |Pr [|Pael? < fin] + (1= Pr [|hael? < fn] ) Pr [ (1ol < o) | (Vaol?® = g2 ) ||
X [Pr [lhaxl? < jio] + (1 — Pr [|hy? < ,12}) Pr [(\hkl\z <) (v}kl\z > “1>H' 7
Non-Orthogonal Case: The two-way communication between T; and Ty cannot be seen, in this case,
as two simultaneous communications. The relaying node will be able to decode the information sent by
Ty and Ty if Ty, > Ry, Tog > Runy, and 1/2-1ogy(1 + Y1z + Yor) > Run, + Run, [21] [25]. Taking this into
consideration, the expression in (6) will be written as
_ 2 ~ 2 -~
Poug (T = T;) = 1 — Pr [|hag]® > fur] - Pr [|hos|” > fio]

(1Pakl? = fin) , (1hax]? > fi2)] - (1—Pr [(|hkj‘2 < fij) | (VlkyP = )D (8)

X Pr [[hag]*+|hor]* > fun,

22(R1h1 +Rm2) -1

SNR

With [Lths -
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B. Nakagami-m fading Channels

In this case, the channel parameters Ay, hy1, hop and hyo are from Nakagami-m profiles with respective
shape parameters mx, my1, Mo, and myo, and respective scale parameters 2y, 2x1, (29, and ;5. Hence,
|hij|? follows a gamma distribution G(myj, €2;/m;;) with a shape parameter my; and a scale parameter
Qi /myj, (1,3) € {(rg, 1), (r8,2), (1,1%), (2,13) }. It is assumed that all fading parameters m; are integers.

We denote the variable of interest |hj;|*

mjj—1 -
Lij mi\ MijTij
Ialon) = 5 (g <Qij) eXp( € ) )

where I (.) is the Gamma function.

by zj. The PDF of xj is given by

In what follows, we will start by considering the case where perfect CSI is available for relay selection
at the central controller, then, we extend the result to the outdated case.

1) Perfect CSI Case:
When perfect CSI is available at the central controller, we have izij:hij, where (i,j) represents the
different links between the end terminals and the selected relay. For this case, we investigate the different
probabilities involved in the outage probability expression in (3).

o Threshold Selection Probability
We have

Pr (il <) = (") i = (1,23 (10)

where v (.,.) is the regularized lower incomplete gamma function. Substituting (10) in (4), the threshold
selection probability in the Nakagami-m case can be written as

m
Pr[Kp) = Z H {1 - (mk2> éim)] : {1 - (mm, mé:ul)}
2 1

AEP— keA

X H [ <mk2, k2 /2 ) + 7y (mkla m(];l'ul) . [1 -7 <mk27 m£2u2>H . (11)
kA Qo k1 k2

For the special case of Rayleigh fading channels (i.e., m;; = 1 and \;; = 1/€;,), the threshold selection

probability can be written as

Pr(Ka)= Y. [H e—AW—AWl] : [H (1 - e—AW—AWl)] . (12)

AePg, LkeA kg A

e Relay Selection Probability
In the Nakagami-m case, the weighted sum rate, defined as z; = q;2 1 + q;1 R2, is a sum of two truncated

gamma variables:

QpR
qiel’i ~ G <m12, £§

2

Op R
M2R1) and guRy~G (mu, T%z 2#le)



11

Proposition 1. The CDF of z; is given by :

Fu(z) = 1 _ 1 sy (m my (2 — ,qu1)) . (m mll,ulR2)
i My i Ry Mz fia 2 ll’ Qn Ry i Qn Ry
1—~(mpy, ——— L=l m, —~——

Mo R myy (21 — o R mp i R —
_7<ml2a M) {’7 <m117 & ( : 12 1)) - 7<ml17 w)} - (Zlaxth17xth2;mllam1279127Q21) 3
MRy On Ry

(13)

where we have set Lth; = ,ule, Tthy = MQRl, 512 = Qlle, 621 = ngRl, and

m mo—1 Lk
— m | Mo 2z 1 /m k
19(Z7xth17xth2;m17m27917QQ) = (ﬁ_l) F(ml) exp <_§—22) Z H (5—22) Zr(ml _'_l) (l) (_1>l
=0

1

—m1—l )
B bl (R ) (e R
- 0 Qy T\ 0 0y (2 = 2ua) T\ 97 Qy it

Proof: The proof is given in the Appendix. [ ]

Proposition 2. The PDF of z; is given by :
1 1

fa (Zl) - 1—~ (mn manRz) ' 1~ (mzz m12M2R1)
" QnRs T QpRy
y { (z—paRy)™ ! - exp (_mll(zl_N2R1)) . ( miy )m” B ( i )mll '7(7”12 lele)
I (my) O Ry O Ry O Ry T QR

e = = = =
+ (Q I ) <0 (21, Ty T Mt Mz, a2, Qor) — €@ Ty s Tangs My, Mz, D12, Qo)
241

- Q/’(Z’l, Lthy s Tthgs M1, M2, ﬁ127 ﬁ21) } (15)

where

m mo—1 i

— = mq ! 1 ) ( mgzl) > 1<m2)

2y Ty > Tehoi M1, Mo, 29, Q9) = | = exp | —— — (=
5( thy» Lthgs 101, T2, 361 2) <Q1) (F(ml) p 0, — i ,

X Z (E) (1) 27 (2 = )™ P exp <_ (@ - @) (= xﬂu)) 1o
=0

and

mi mo—1 i1—1 .
— 1 m Moz 1 /m 1 _ i
oemnnsmmat®) = i () oo (5) 35 () 8 () ' v
1 2 : 2
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Proof: The proof is given in the Appendix. [ ]

The relay selection probability Pr [k] in the Nakagami-m case is obtained according to (5). The resulting
expression is evaluated numerically.

For the special case of Rayleigh fading channels (i.e., m;; = 1 and \;; = 1/€;;), and adopting the

following notation

( A1 A
Vi = m exp (Ajpin + Aigpta); = Rupig + Rojug;
)\i2 )‘il )\i2
— 22 g ) 0; = =2 1
a; = exp <<R1 Rz) 2#1) R (18)
)\il )\iQ )\il
= C0 22 Ry ); 6= 5
\ & €Xp ((R2 31) 1#2) Ry

the relay selection probability can be written as

— _ R T @ —Opp | o—0in _ @ Xk Ok _ @ —Opp | o =0k
Pr [k] g{l ﬁkﬁl(@ (eke 5ke )e 5 er 5ke e

+ B e~ (Or+dk)u _ Bir e (o) _ N X e~ (O +0k)n + Pra, e_(6l+9k)l/«):| )
0 (01 + 1) 0k (01 + O%) (01 + 0;) O (01 + O1)

(19)
o Conditional Outage Probability

Orthogonal Case: For the Nakagami-m case, we have

1 (mm, My max (fi;, Ni))

Pr ([ < ) | (1l 2 )] =1~ e <20>
1-— M, S
7( k O )
The conditional outage probability is then given by
) ) 1—~ (mk27 My - Max (Mznuz))
mikfty Mkt Qo
Pouje = |7 (mm Q0 ) + (1 -7 (mlku T)) - o
1k 1k 1— (mm’ k2u2)
Qo
) ( My - max (fi, ul))
~ - — 7| Mk,
Mg fl2 Mo fl2 Qi
X 7<m2k779 )+<1—7<m2k, Q )) 1- -
2k 2% 1_7<mk17 51 1)
k1
2D

For the special case of Rayleigh fading channels (i.e., m;; = 1 and \;; = 1/€;;), the conditional outage

probability can be written as

Pouwr = [1 — exp (Arapta — Aigfln — Ape max (fig, f12))] - [1 — exp (Ak1pn — Aagfis — Mg max (fig, p1))] -
(22)
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The total outage probability can be finally written in the Nakagami-m case as

K
M2 l2 Mg 1 M2 2
Pou = y , 1— ,
t kl:[l [’Y (mk2 O ) + 7y (mm O ) ( ol (mkz s ))]

2 [ 2) o o))

=1 APz,

Kin
X [| [ (7 (mym ;;M> +7 <my’1, él_m> <1 —7 <mj2, gj;_m))] Pr{k] - Pouj.  (23)
A 32 J1 32 k=1

Non-Orthogonal Case: The derivations are similar to the orthogonal case. However, for this scenario, we

(Ihl? = fir),(|hor|* = fiz)]

in (8). Using (37), with xy,, = f1; and x4, = [i2, this probability can be written as

should also derive the expression of the probability Pr[|hix|?+|hox|? > fim,

. _ N 1 1
Pr | Ak 2+l > fian,| (Jhael? > fia). (|hanl? > fin)] = . ]
L= |m T 1= me Maia
7 Q1 ’ QQ
my (2 — f m /1 mafl my (z— [ my i
Ao 5) o 5) 5 (oo 2 572) (52
- /19(Z7ﬂ17[b2;m1k7m2k791792)}7 (24)

where the function () is defined in (14).

2) Outdated CSI Case:

In practical scenarios, the available CSI at the central controller may be outdated. In this subsection,
we investigate the impact of imperfect CSI on the performance of the previously analyzed perfect CSI
case. We have ﬁkl and ﬁm follow similar distributions as hj; and hyo, and are from Nakagami-m profiles
with shape parameters my; and my», and scale parameters le and ng. We consider the general case
where the scale parameters of the outdated channel distributions are different from those of the actual
channel distributions. This is for example the case when the delay is so considerable compared to the
fading rapidity. The variables \ﬁm|2 and |hy;|? are then two correlated gamma variates (i € {1,2}) with

a joint PDF given by [26]

- P (M) mip ") () ™!
fmki\Q,\hki\Q (1, 22) = Z 11— )mki+2j N2 ~ O\ kit
=0 J: P L (mg; +J) <Qk)’le‘Z>

Mp; L1 M2
Xexp|—F+7"——]exp| —=———"—|; r1,29 > 0 (25)
p( Qki(l—p)) p( Qk,-(l—p)) v

where (z) , denotes the Pochhammer symbol and p represents the correlation coefficient between |ﬁ;ﬂ

and |hy;|%

| 2
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In this case, and since the estimated channel coefficients are similarly distributed as the perfect coef-
ficients, the derivations of the threshold selection probability and relay selection probability obtained in
(11), (13) and (15) remain unchanged where ﬁk, and @k, should be considered instead of hy; and ;.
However, since the selection is based on outdated channel estimates, the conditional outage probability
has to be rederived.

First, the conditional outage probability could be expressed as

i “+oo
7 /0 ) f|ﬁki|2,\hki\2 (xla x2) d[lf2 d[)j'l
Pr | (l? < o) | ([hl? 2 )| = =2 . 26)
f|ﬁki‘2 (1’2) dzy

Hi

We denote the numerator of the expression in (26) by I; and the denominator by /5. Using the expression

of the joint PDF in (25), we can write

+o00 : 2 i+
p] m (mpi+7)

j=0 I (mg;) I (my; + 7) (kaﬁm>

i e T1Mi too i LM
y 2 oy <_#) dxy - / e exp | ———— | dzy,  (27)
/0 ' Qi (1 - p) oo Qi (1= p)

where the integrals in the expression of /; are given by

Fi L LMk i tj mk/:l
it oy <—#>dx =T (my;+J ( ) Y mpitg, e
[ e (g ) an = W ) o

~

o ( Q my;+Jj
/ ajgbkz""] 1 exp 27]6 dxz e 1 — F (mkl_'_j) - "Y mkl+]7 u lu/\
" Qi (1— p) M (1= p) Qs

My +2] Mg+

—p)

(28)
which yields
+oo p] ngmkrfﬂ) . ki i (1 — p) 9] i mii+J
I = i1 (1 M +2j Nt T +a (1 - )Q i M
= JH (L =p) " (m) (Qk)’LQk‘Z> Pk "
o~ m, i-‘rj
ifbi 1—p) i k
1T s )y [ g, s (1= p) , (29)
(1—p) Mk

On the other hand, the denominator 7, is given by

bzl—v(mmfﬁ@), (30)
Qi
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and we get

Pr [(|hkz|2 < ﬁi) | (|ﬁkz|2 > '“Zﬂ _ | | o
1—7v (mki, mki,ui) ; g! (1 — p)ﬂ T (mm) Qkim—i-]

~

ki

~ Mp;+J
o Mkifl ‘ Ml (1 —p) Qs
it | |1 T (g i+ =
X7<mk i (1—P)ka‘) i +])7<mk +] (1_p)Qki> ( ki

€1y

Substituting (31) in (7), the conditional outage probability could be written for the Nakagami-m case with
outdated CSI as

1—7 (mm leﬂl) +
B Mk T Oy P’m(mmﬂ
Pout|k =17\ Mk, + Z

BT 1 (T ) ST T ) O
k2
~ myoa+j
1—p)Q
X 1-T (mm -+ j) Y Mi2 -+ j, mk2'ui ( p) k2
(1 - p) ng M2
- - 1— v (mzk 2ku2)
m m »7TQ
X i (mk2 _'_ja 1 kzlué ) X Y <m2k7 Skluz) + *
( _p) k2 2k 1_7<mk1, k1u1)
+00 i (mp1+y) ~
Py ( - Mgl )
X ~——— Y\ M+, o
JZO 31 (1= p)! T (my) Q™ (1= p) s
~ mg1+J
) om 1—p)Q *
X | 1=T(mg1+ )y | me1 + 7, kl'ulA ( p) ) (32)
(1 — p) le M1

Note that the particular case of p = 1 is equivalent to the Nakagami-m case with perfect CSI. The outage
probability is given in this case by (23). For the case of p = 0, the outage performance of the system is

similar to a system without relay selection.

IV. NUMERICAL EXAMPLES

In this section, we present the results obtained based on our analytical expressions in the Nakagami-m
case along with the results of numerical simulations.

The simulated system consists of three relays with the following parameters : {Qy;}3_, = {2,3,1} dB,
{Qaryi_, =1{3,4,5} dB, {1 }i_, = {4,3,1} dB and {Q2}3_, = {5,4,2} dB. We recall that all fading
parameters m;; are set to integer values.

First, we confirm the closed-form characterization of the distribution of the sum of two truncated gamma

variates, which is given in (13) and (15) and derived in details in the Appendix. In Fig. 3, a comparison
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Fig. 3. CDF of the sum of two truncated Gamma variates obtained analytically in (37) and via Monte Carlo simulation for different values

of m1 and mes.

between the analytical expression in (37) and the CDF obtained via Monte Carlo simulations is shown
for different values of the fading parameters m; = my, = my; and my = Mo = My = with 3 =1 dB
and ps = 2 dB. Also, a comparison between the analytical expression in (38) and the PDF obtained via
Monte Carlo simulation is shown in Fig. 4 for the special case of Rayleigh fading channels (1m;=my=1).
Both figures confirm the accuracy of our closed-form expressions.

In Fig. 5, the total outage probability obtained in the Nakagami-m case is shown as a function of the
SNR for both orthogonal and non-orthogonal cases. Different values of the fading parameters m, and
mg are considered. Once again, our analytical results are in perfect agreement with simulations. From a
different point of view, in Fig. 6, the total outage probability is presented as a function of the threshold
Y, for my = 2, mg =1 and pe = 2 dB. The results are shown for three illustrative values of the average
SNR: 10, 15 and 20 dB. The figure shows the existence of a local optimum which is attained when 7y,

is relatively close to 7y,,. Note that beyond that point the set Ky, becomes smaller and the probability
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Fig. 4. PDF of the sum of two truncated exponential variates obtained analytically and via Monte Carlo simulation.

of relay selection will decrease, i.e., it becomes very hard to find a satisfying relay with the imposed
constraints. Hence, the outage probability will predictably increase as shown by the figure.

In Fig. 7, we show the effect of outdated CSI—captured by the correlation coefficient p between actual
and outdated channel coefficients—on the outage performance in the case of Nakagami-m fading channels.
The total outage probability is presented as a function of the SNR for p = 0,0.5 and 0.99, and for different
values of the fading parameters m, and my. Note that when the correlation coefficient p approaches 1,
we get similar result as those obtained with perfect CSI in Fig. 6. This confirms the accuracy of our
model and derivations®. Also, from the figure, we can see that practical considerations (that may result in
outdated CSI at the central controller) may cause a loss of 1-2 dB compared to the perfect scenario with
exact CSIL.

Finally, Fig. 8 and Fig. 9 present a comparison between the proposed relay selection technique and other
approaches from the literature, namely the Max-Min technique analyzed in [8], the Max-Sum technique

To compute the infinite sum in (32), less than 50 terms are actually necessary to converge to the final value.



18

Orthogonal Case
1074 - - - Non-Orthogonal Case
o Simulation m; =4, my=3|" "

O  Simulation m;=3, my=2

-6 ¢ Simulation m;=2, my=1

10 v Simulation m;=1, my=1
0 5 10

Fig. 5. Outage Probability as a function of the average SNR for different values of m; and ms. Lines correspond to analytical results and

simulation results are represented with markers.

considered in [10], random selection over the relays in the pre-selected set Ky,, and random selection over
all K relays. In Fig. 8, we present the outage probability of the system in terms of the SNR, while in Fig. 9,
the outage probability is ploted versus the number of relays /K. Both figures show a clear performance gain
using the proposed metric in (1). This is expected since our metric takes into consideration the achievable
rates during the transmission phase as well as the channel quality experienced by each of the rates during
the relaying phase. On the other hand, the outage performance of the system with the modified relay
selection technique in (2) are close to the performance of the Max-Min and the Max-Sum techniques.
From Fig. 9, we can see that as the number of relays K grows, the proposed relay selection technique

clearely outperforms the other approaches.
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Fig. 6. Outage Probability as a function of the selection threshold g, for mi1=2, mo=1, and different values of SNR.

V. CONCLUSION

We analyzed the outage performance of decode-and-forward relaying in the context of selective two-way
cooperative systems. A new relay selection metric, under the form of a weighted sum-rate, was proposed,
and we derived the expressions of the outage probability of the system over Nakagami-m fading channels.
The impact of imperfect channel state information on the outage behavior was investigated and analytically
quantified. The obtained results show that the proposed scheme outperforms conventional approaches, and

give a realistic insight into the design of practical two-way relaying systems.

APPENDIX
CDF AND PDF OF THE SUM OF TWO TRUNCATED GAMMA VARIATES

The CDF and the PDF of the sum of two Gamma variates have been derived in [27]. In a similar

fashion, we derive here the CDF and the PDF of the sum of two truncated Gamma variates.
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Fig. 7. Outage Probability as a function of the SNR, for the orthogonal transmission case, with three different values of the correlation

coefficient p and different values of m; and ms. Lines correspond to analytical results and simulation results are represented with markers.

Let Xy ~ G (mq,Q/my,xg,) and Xy ~ G (ma, Qo /ma, z4,) be two truncated gamma variates with

respective realizations x; and x. Their PDFs, denoted by fx, (x;)i € {1,2}, are thus given by

1 {L';ni_l m; m; M, ¢ -
—_ e —_—— 1 )
( mil’thi) T(mz) QZ P Qi T = T
L= | mi, 0

(33)
0 otherwise

We assume without any loss of generality that (2/my > €3 /m;. Let Z be the random variable
corresponding to the sum of the two truncated gamma variables X; and X5. We denote by z the realization
of Z and by zy, the sum of xy, and zy,.

In this Appendix, we derive the CDF of Z as

2= Tthg
/ Fx,(z — ) fx, (x)dz if 2 > xy4
FZ (Z) =Pr [Xl + X2 < Z] = Tthy 5 (34)

0 otherwise



21

P out

B —O— Random Selection over all Relays
10 '} —o— Random Selection over Relays in Ky, :
—e— Proposed Modified Relay Selection (2) -
‘‘‘‘‘ Max-Sum Relay Selection
— Max-Min Relay Selection
—/— Proposed Relay Selection (1)

0 2 4 6 8 10 12
SNR

Fig. 8. Outage Probability as a function of the SNR, for the orthogonal transmission case, with different relay selection schemes.

where

Fx,(z—z) =

mo—1 k k
Moz 1 /m k _ Mol Mo
X ¢ 1—exp (—9—22> E o (9_22) g (l) (—l)l et exp (9—22) — 7y <m2, il;m) . (35

k=0 1=0
Substituting (35) in (34) for z > z,, we obtain

1 1
9P (2= 2m,) — Fixy (%) —
T Mo Tih, 1=~ (my M1 Tthy
) Q2 ) Ql
mi\" 1 maz\ "€ 1 (my\ e [k
1 2 2 I k-
X | = exp | ——— — 5 —1) =z
(91) I'(ma) p< Qz) ; k!<92) ;<Z)< )

Z—Tth
X / : x%e Py — y <m2, m;zxm) <FX1 (z — xm,) — Fx, (xth1)> , (36)
Lthy 2

FZ (Z) =
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Fig. 9. Outage Probability as a function of the number of relays K, for the orthogonal transmission case, with different relay selection

schemes.

witha=m;+[l—1and f = — — —.

The expression of the CDF when z > x;;, can be obtained in closed-form as

1 1 my (2 — M1 T,
FZ(Z): . . f}/(ml7u)_7(mb 1 th)
1 m My T, 1— m MaTh, 0 0
Y 15 791 Y 2, 0
Mol mi(z—2x mix
— 7| Mo, 2 tha Y mlau — 7\ my, Sl _29(vathpxthz;mlamZ)QlaQZ) ;
Q2 Ql Ql

(37
where the function 9J(-) is defined in (14).
By deriving the expression in (37) with respect to the variable z, we obtain the PDF of the sum of two

truncated gamma variates as
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Qy

o) () ) (25)

+ (/.L ) 19(2 xthlaxthQ;mlamQaQbQQ) 6(Zaxthlaxthz;mlam%QlaQQ)
2

mi—1 mi
1 (2 — Tiy) (ml) ( my (z — $th2))
. . —_— eXp -
( mlxthl ) ( MoZih, ) I (ml) QQ Ql
- L=y {me, —5—

_'l/)(Zaxthpxthg;mlamZana92) ) (38)

where the functions £(-) and ¢(-) are defined, respectively in (16) and (17).

Note that, by setting x4, = 0 and zy, = 0, we obtain the CDF and PDF of the sum of two gamma

variates [27] [28].
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