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Abstract—This paper examines the information theoretic
metric of outage probability for a decode-and-forward (DF)
based asymmetric two-way relay transmission (i.e. the two
source terminals have different target rates). We first
characterize the achievable rate region of a conventional
three-node network. After that the conventional three-node
scenario is analyzed in terms of outage probability and the
corresponding closed-from expressions are developed over
Rayleigh fading channels. Moreover, in order to make a
good use of the available diversity degrees of the channel,
opportunistic relay selection are considered for multi-relay
networks. Two significant relay selection strategies, i.e., the
max-min and max-sum policies are studied and analyzed in
terms of outage probability and diversity gain from the
viewpoint of asymmetric traffics. Furthermore, a single-
criterion based relay selection policy is proposed, which only
uses the harmonic mean of the two-hop squared link
strengths, thus in contrast to the hybrid scheme no
additional overhead is required during the relay selection
process. Numerical experiments are done and outage
performance comparisons are conducted. Our results show
that the proposed policy is an efficient and appropriate
method to implement relay selection and can achieve
significant performance gains in terms of outage probability
regardless of the symmetry and asymmetry of the traffics
and channels. Moreover, the simulation results also validate
the accuracy of our derived expressions.

Index Terms—Two-way relaying, decode-and-forward,
outage probability, relay selection, asymmetric traffic

|. INTRODUCTION

Cooperative relaying as a promising technology has
attracted widespread attentions, since it can achieve
higher transmission quality and throughput for wireless
networks. In particular, considerable interests have
focused on the half-duplex two-hop relaying, where two
user terminals communicate with each other enabled by a
relay node. Due to the half-duplex constraint,
conventionally a direct four time-slot transmission
scheme is employed for such a scenario to complete one
round information exchange between the two source
terminals. Although the conventional scheme is easier to
implement, however, it results in a loss in spectrum
efficiency due to the fact that more time slots are
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occupied for one round communication. In order to
compensate the spectral efficiency loss, two-way relaying
based on the protocols of amplify-and-forward (AF) and
decode-and-forward (DF) has been proposed [1], [2]. In
contrast to the conventional scheme, less transmission
cycles are required in two-way relaying, which
consequently provides the improvement in performance
of spectral efficiency. Presently, according to the required
time slots, the existing two-way AF and DF relaying can
be grouped into 2-phase AF scheme, 2-phase DF and 3-
phase DF schemes, respectively. Owing to occupying less
transmission cycles, more benefits can be achieved from
the 2-phase schemes. Thereby, relatively more attentions
focus on the 2-pahse schemes in the research community.

Recently, two-way AF and DF relaying have been
studied in many points of views. As an important
performance measure, outage probability has been
investigated for two-way communication in the literature
[3]1-[12]. However, in [3]-[6] the information theoretic
analyses are all conducted by viewing the two-way AF
relay links as two parallel one-way channels, namely
separately considering outage events at the two sources.
Practically, as a multi-user system, the whole network
will be in outage whenever an outage occurs at any user
[13]. To this end, references [7]-[10] explored the two
individual outage events as a whole and derived the
outage probabilities accordingly. However, their
investigations concentrate only on the AF scheme with
symmetric traffics. Meanwhile, papers [4], [11] and [12]
conducted the outage analysis for the DF scheme.
However, in [4] the two individual outage events are still
separately examined. And, in [11], [12] only symmetric
traffics are considered. Actually, due to various traffics
that user requires in practice, the assumption that system
always has symmetric traffic flows is not appropriate.
Furthermore, the impact of traffic asymmetry on the
outage probability of two-way relaying is still an open
issue. Motivated by these facts, we conduct the
information theoretic analysis of outage probability by
jointly considering outage events at the two senders with
asymmetric traffics. To our best knowledge, no similar
studies have been reported despite the importance of such
an issue.
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AS well known, opportunistic relay selection is a
powerful technique providing good performance for
relaying protocols. Intuitively, the principle of relay
selection can be further applied for two-way relaying
with the aim to achieve improvement in performance.
Recently, the problem of relay selection in two-way
relaying scenarios has received considerable interests. In
papers [5], [6], [8]-[11], several effective relay selection
policies have been proposed and investigated for the AF
scheme. However, only symmetric traffics are considered
in these works. Recently, the authors of [14] proposed an
interesting relay selection strategy for the DF scheme,
where the best relay is selected according to the weighted
rate sum on the boundary of the achievable rate region
individually. Whereas they only investigate the DF
scheme with superposition coding and outage probability
is not considered. Very recently, the authors of [15]-[17]
applied the max-min policy [18] for two-way DF relaying
with network coding. In [15], a joint relay selection and
network coding strategy was proposed and analyzed in
terms of bit error rate (BER). In [16] and [17], the max-
min policy was applied in two-way multi-antenna relay
networks and the corresponding performance measure of
BER was analyzed. However, the asymmetry of system
traffics is not an issue in their research contexts.
Furthermore, Krikidis [12] researched the relay selection
strategies of the max-min, max-sum and the hybrid of the
two on the two-way DF relaying network and analyzed
the outage probabilities accordingly. However, similar to
the previous works they still focus only on the symmetric
traffic. Actually, a two-way relaying network can not
always operate in the symmetric traffic mode. Moreover,
as [19] pointed out, traffic asymmetry has a potential
impact on some performance measures of two-way
relaying, such as achievable throughput and channel
errors. Although opportunistic relay selection for two-
way relaying scenarios has received strong interests, the
impact of traffic asymmetry on the relay selection is still
an open issue. Inspired by these facts, we consider a half-
duplex two-way DF relaying network with asymmetric
traffics (i.e., asymmetric two-way DF relaying) and study
the relay selection techniques accordingly. To our best
knowledge, the problem of relay selection for two-way
DF relaying from the viewpoint of asymmetric traffics is
not reported.

In this paper, our investigations focus on the 2-pahse
half-duplex two-way DF relaying. Unlike the current
research activities, we deal with the problem of relay
selection and outage analysis in more general cases,
including symmetric and asymmetric traffic flows,
channels, and all SNR values. As a first step, the outage
probability of a conventional three-node network is
derived over Rayleigh fading channels. Subsequently, we
consider a two-way relaying network with multi-relay
nodes. For the goal of outage performance optimization,
opportunistic relay selection is used. In our work, the
policies of max-min and max-sum are also investigated
and analyzed in terms of outage probability but from the
viewpoint of asymmetric traffics. After that, new upper
and lower bounds of outage probability for the two
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policies are presented. Moreover, the exact expression of
outage probability for the max-min policy is also derived.
From the analytical analysis, some meaningful insights
are concluded, which are useful for the decision of relay
selection policies. Finally to reduce overhead, we propose
a single-criterion based relay selection policy, which uses
the harmonic mean of the two-way link gains. The
simulation results verify that the proposed policy is an
efficient and appropriate method to implement relay
selection and can achieve significant performance gains
in terms of outage probability.

The rest of this paper is organized as follows. In
section II, the under investigated two-way DF relaying
scenario is described. In section III, the achievable rate
region is stated and the outage probability is analyzed
accordingly from the viewpoint of asymmetric traffics. In
Section IV, opportunistic relay selection is investigated
for performance improvement. The conventional max-
min and max-sum policies are examined in terms of
outage probability and diversity gain. Furthermore, a new
relay selection policy is proposed. Numerical simulations
and comparisons are presented in Section V. Section VI
concludes this paper.

Il. SYSTEM MODEL

We consider a perfectly synchronized wireless
communication network with N +2 terminals, where
two source terminals want to communicate with each
other enabled by one of the N relaying nodes. Suppose
r, and r, are the information rates of sources A and B,
respectively. Here, we presume all the terminals have the
same transmission power and are corrupted by
independent additive Gaussian noise with the same
variance. In particular, we assume that the two-way
relaying network is able to obtain perfect channel state
information (CSI) by applying training signals.

As shown in Figure 1, for DF scheme, sources A and
B first send their messages to relays simultaneously
during time-slot 1. Then the relay nodes receive an
additive Gaussian noise corrupted superposition of the
transmitted signals

Y = VPh sy +VPhy sg +We ie{L2, N}, (1)
where the index i represents for the i—th relay node, P
is the transmission power of sources A and B, s, (S;)

denotes the unit power signal transmitted from source
A(B), wg is the additive Gaussian noise at the i—th

relay node with variance o* and h,, (hg, ) is the path

gain of AR (B—R ). After that a best relay is
opportunistically selected out of N candidates, which is
used to help the information exchange between the two
source terminals. Here, we assume the k —threlay node
is the best one. Subsequently, the best relay jointly
decode both s, and s, , followed by certain signal

processing operations. Then the best relay node
broadcasts the resulting signal s, to sources A and B

during time-slot 2. Accordingly, source A(B) receives
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\/BthASR+WA ( \/EthBSR+WB ), where P is the
transmission power of the relay node, h; , (h; 5 ) denotes
the path gain of R >A(R—>B) and w, (w;) denotes

the additive Gaussian noise at A(B) with variance &°.
Since both sources have known their own transmitted
messages, sources A and B can get their desired messages
correctly through perfect decoding and a corresponding
signal processing operation.

In addition, we assume that all the links are reciprocal,
i.e., Ny =hg,, hge =hgg and quasi-static, namely, the

path gains are regarded as constant within two time slots.
Without loss in generality, we assume that all the link
gains are identical and independent distributed. For link

A—>R and B>R , let |hARI|Z and |hBR,|2 be the

instantaneous squared strength, which obey exponential
distribution with rates 1/g, and 1/g, , respectively. Of
note is that in this paper the unit of information rate is
measured in bit/s-Hz .

Time-slot 2

Time-slot 1

Figure 1. Two-Way relaying system model

[IT OUTAGE ANALYSIS FOR CONVENTIONAL THREE-NODE
NETWORK

In this section, we conduct the outage analysis for a
conventional three-node two-way DF relaying network.
In order to simplify the notations, we first define some
variables, events and cases, all of which are used in the

following analyses. Let x=y|ho|[ , y=7lhg| .
2,=2"" -1, z,=2" -1, 2,,=2,24+2,+2, and
Q=/z,3 +1-1, where y = £ denotes SNR. According

to the above assumption, we can deduce easily that x
and y are independent exponentially distributed with

parameters 4 =1/yg, and 4, =1/yg, , respectively. In
addition, we let

Zy =max(z,,7g). ®)
Furthermore, two complementary events are defined as
E, = {x+y=min[x(x+2),y(y+2)]} , (3)
E, =E, ={x+y<min[x(x+2),y(y+2)]}, (4)
and two useful cases are defined as
Casel: 7, < g% 0rz, < g% (5)
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. Z Z,
Case2:zg > 5-01Z, >3- (6)

z

Of note is that, we omit the index i for the already
introduced variables, since here only one relay node is
involved in the system setup.

A. Achievable Rate Region

Since a complete information exchange for two-way
relaying is composed of two time slots, the metric of
achievable rate region can be calculated accordingly.
According to [12], the ultimate achievable rate region of
a two-way DF relaying can be given by

R, <min(R, Ry ), Ry <min(R, Ry ), forE,;
R or =9R, <min(R;, Ry ), Ry <min (R, Ry ) (ol E
2
R, +R, <R
)

where E, and E, are respectively defined in (3) and (4),
[Ra,Ry] is the rate pair of sources A and B, and
Ry =3log, (1+x) Rer =2 109, (1+Y)
R, =1log, (1+x+y) are the rate constrains of link
A - R, link B— R and the sum-rate respectively.

and

B. Outage Analysis with Asymmetric Traffics

According to the achievable rate region, outage
probability is defined as a probability that a practical rate

pair [r,,r;] of a two-way relaying network locates

outside the achievable rate region. To be specific, outage
probability is defined as

Pou = P{[RuRo ] # £ or  =1-P{[RyRo] < # o} (8)

Further, by applying the law of total probability, (8) can
be expressed as

Pout :1_P{[rAer]€HDF (El)’El}

~P{[r.r]e? o (E,).E,}
where # .. (E,) and # . (E,) respectively represent

©)

the achievable rate regions that event E, and E, occur.

From equation (9) and the above definitions, outage
probability of a two-way relaying scenario can be derived
accordingly.

Proposition 1: The exact expression of outage probability
for a three-node two-way DF relaying network can be
separately depicted by the following two cases. For the
Casel, the outage probability can be shown as

Pax =1-exp[ (4 +4)z, ],

where z,, is defined in (2).
For the Case2, the outage probability can be given by
equation (11). And at high SNR region, the outage
probability can be given by equation (12).
Proof: See Appendix A.

From Proposition 1, some interesting phenomena
can be found that 1) the outage probability of two-
way DF relaying is only determined by the link with
greater information rate for all z, <2 and

B = 1+z,

(10)
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z (i.e., Casel) 2) the same phenomenon

A_1+z

manifests for all <z, <1z, and ZB ~<2,<17,

1+Z

(i.e., Case2) when SNR is high and channels are
asymmetric, 3) while for the Case2 , the system
outage probability is determined by the sum of
average two-way link strengths, the maximum
information rate of the two senders and the
asymmetric level of the two sources' information
rates when SNR is high and channels are symmetric.

IV OPPORTUNISTIC RELAY SELECTION FOR MULTI-RELAY
NETWORKS

We now consider a two-way DF relaying network with
N relay nodes. Our aim, here, is to minimize the system
outage probability through opportunistically choosing one
relay out of N candidates, whenever system traffics and
channels are symmetric or asymmetric. Our assumption
here is that the two-way relaying network is able to
obtain perfect channel state information (CSI) by
applying training signals. Thus, with the help of such
information, an opportunistic relay selection policy can
be employed to guarantee the quality of information
exchanges. Here, we assume the k —th relay node is the
selected best relay. In addition, we reuse the
k —th notation for the already introduced variables by an
additional index for the relay node.

A. The Max-Min Policy

For the max-min policy, the best relay is chosen to
maximize the minimum of the two-way channel strengths,
i.e., the best relay is chosen depending on

m" =arg max[min (|hAR' |2 ,|hBRl |2),i {12, N}} . (13)

Thus according to (7) and (9), when the max-min policy
is applied, the outage probability of two-way DF relaying
can be written as

Further by applying the probabilistic theorems, (14) can
be rewritten as the following

P = P{zM >min(x,, y, )jm" = k}
+P{zAB > X, +yk|m* :k}

_P{ZAB>xk+yk,Ef|m*:k} .(15)

_ P{zM >Min (X, Yy ) Zug > X + Yy M = k}
+ P{ZM >min (X, Y )s Zpg > % + Vi, Ey |m* = k}

By observing (15), we find that the term min(x,,y, )
is maximized when the max-min policy is used. However,
the impact of this policy on the term x, +y, is not very
clear. In order to get useful insights into the max-min
policy, two exclusive approaches (i.e., X +Y, is
independent to the max-min policy and can be maximized

by the relay selection) are carried out to deal with the
term X +Y, , which consequently results in the
corresponding upper and lower bounds of the outage
probability. Finally, an exact outage probability
expression is derived to illustrate the system outage
performance, exactly.

Proposition 2: The upper bound of the outage probability
for the max-min policy can be depicted by equation (16),
where the variables of A,, 4,, z,, Z,;, Z,, and Q are

defined in section 3,
Py =1_EXp[_(ﬂ1 +4, ) Zy
the

1. (17)
A(d,,d,,u,v,e)
I1(d,,d,,u,m,e) are defined in Appendix B.

The lower bound of outage probability for the max-min
policy can be given by equation (18), where

ﬂ’lZAB EXp(_/izZAB)Mli = /12;
D, =1—exXp(—AZu ) —{ 77 EXP(~AoZ ) X

and functions  of and

pout—mm_l P[ ]ERDFm_k 2’17&12'-
—1—P{{[r r]e Rk (|Ek) Ek} m=k}. (14) texe (4 -4) 20 ]
- A''B DF 1)1 - . (19)
_P{[rA ]ek 5 (EZ)EZ m*=k}
. efp[ Uit | (2= 2, ) A oxP(~Aas )+ 2o €XB(~ise ) | o = | a
/_ZQEXP[—(/% A) 2y — lzZAB}L = EXP[ (4, -4)z %ZAB]%?&%-
(4 +4,)z,, for Casel.
p(i't: ~ (11"’/12)2 +/11/,LZZAB(ZAB -2z, )'/11 :ﬂz;},for Case2.' (12)
(ﬂl"_ﬂ“Z)ZM A # 4
(1 o 1) 31 oy, 20 2 ,1) (ﬂi,ﬂz,zAB,Q,l)],for Casel;
pout numgm = p1 + (1 plN 1) ﬂ'l /12 ZAB'ZAB 1) (ﬂillz'ZAngll)] (16)

+p" A /11 1 Zpg s 50 1) -
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(1= 0" ) A4 4,2

Zas
AB1 2 ’l)

(A4, 2, 2,8, Q,l)] ,for Casel;

PR = B+ B (1= ) A (A Ay 2aa 50 1) - (%,%,ZAB.QJ)] : (18)
for Case2.
+p,"" [A(/ll A AB’Z/;B 11) (/11 ZpgrZ *1)J
(1_ plel)[AMvﬂz’ZAB,z‘;B,N) (ﬂl,/lz,zAB,Q,N)]for Casel;
Pt = P+ A (Ao Zag 25N ) = P A (A Ay 24,200 N) (20)

—(1— p )H(%,AZ,ZAB,Q, N ), for Case2.

Proposition 3: The exact expression of the outage
probability for the max-min relay selection can be
depicted by equation (20) at the top of this page. And at
high SNR region, the outage probability for the max-min
policy can be shown as

pcﬁllt:—mm ~ plN :{1_exp|:_(/,{l+ﬂ‘2)
Proof: See Appendix B.

From Proposition 3, an important conclusion is
revealed that the max-min policy can achieve the
diversity gain N , which benefits from the system’s
superior ability to explore the diversity gains. Moreover,
the sum of the average two-way link strengths and the
maximum information rate of the two sources determine
the system outage probability simultaneously when SNR
is high.

B. The Max-Sum Policy

For the max-sum policy, the selected best relay can
provide the maximum sum of the two-way channel
strengths. Specifically, the best relay is chosen according
to the following criterion

. 2 2,
n :argmax{|hARl| +|hBR,| ,Ie{1,2,---,N}}.

Similarly when the max-sum policy is used, the outage
probability of two-way DF relaying can be written as

por =1—P{[rA ]ek 5 |n* = k}
=1-P{[r,
P{[rA,rB]el?E",F (E}).E}

_ P{ZA >min(Xk,Yk)|n* :k}

2, ). @

(22)

ek 5 (Elk)Elk|n* :k}

n*:k}

+P{2AB >xk+yk|n*:k} @)

—P{zAB > X, +yk,Ef|n* = k}
—P{zA >Min (X, Vi )s Zag > X +yk|n* = k}
+P{zA >Min (X, Yy )i Zag > % + Yy Ef |n* = k}
In contrast to the above case, here the term x, +Y, can

be maximized. Whereas, the corresponding impact on the
term min(x,, Y, ) is not very clear. Similar to the former

analysis, we derive the upper and lower bounds of the
outage probability for the max-sum policy by separately

considering the term min(x,,y, ) is independent to the
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max-sum policy and can be maximized during the relay
selection process.
Proposition 4: The upper bound of the outage probability
for the max-sum policy can be shown as

0, for Casel;

Powine = P+ Py ' x A(AwﬂzaZAB’ZA?B’l)

}for Case2.’
_A(ﬂv/lz’ ZAB’ ZM 11)

(24)
where p, and p, are given in (17) and (19), respectively.
The lower bound of outage probability for the max-sum
policy can also be given by (18) at the top of this page.

Form Proposition 4, we find that the max-sum and
max-min policies have the same lower bound and
different upper bound of the outage probability. Since the
exact upper and lower bounds are more complex, it
makes us difficult to decide which policy outperforms the
other one directly. However, we are still able to get some
insights by considering the high SNR cases. At high SNR
region, the outage probability of the max-min relay
selection can be bounded as

N DF
pl < pout—ms < pl’

and the same measure of the max-min policy is equal to
p . Thereby, we can deduce that the max-min policy
performs better than the max-sum policy when SNR is
high. Besides, we can conclude that the max-sum policy
can achieve a diversity gain between 1 and N, which is
worse than the max-min policy.

(25)

C. The Max-Hmg Policy

Recall that [12] has proposed a hybrid scheme for relay
selection for the purpose of combining the benefits from
the max-min and max-sum policies, such that the
performance gain can be achieved whenever SNR is low
or high. Since the hybrid scheme requires a switching
between the max-min and max-sum policies, thus
additional overhead is needed during the selection
process. Besides as [12] stated, the hybrid policy is
carried out as follows: 1) the max-min policy is first
applied, 2) if the switching criterion is satisfied, then
relay selection process is completed, 3) otherwise, the
max-sum policy is used. Thereby, the amount of
overhead involved in selecting the best relay is
increased significantly for the latter case, especially
when the number of relay candidates is large. To reduce
overhead, we propose a relay selection strategy, which
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uses a single selection criterion rather than switching
between the two policies. As [18] pointed out, the
harmonic mean of two hops link gains is a balance of
the two link strengths and is a smoother version of
selecting minimum one of the two. Therefore, for the
goal of outage probability minimizing, we propose the
following criterion

j* :argmax{LhBRlzvi 6{1121"'!N}}1

26
ol P 29
according to which the best relay is selected. In this paper,
equation (26) is termed as the max-hmg (maximum
harmonic mean of the two-way link gains) relay selection
policy.

Now our main task is to conduct the theoretic analysis
for the proposed max-hmg policy. Unfortunately,
conducting the outage analysis by deriving the exact
expressions is difficult. Hence, we investigate the outage
performance by Monte Carlo simulations in the next
section.

V NUMERICAL EXPERIMENTS

In this section, we provide some simulation results to
evaluate the outage performance of two-way DF relaying
as well as the investigated relay selection policies.

In order to depict the impact of traffic asymmetry on
the system outage probability, we plot Figure 2. Here, we
let r, and r, be both ranged from zero to 3bit/s-Hz .

According to (5) and (6), we separate the rate pairs, r,
and r,, into two categories. As shown in Figure 2, the

upper left and the lower right regions represent the Casel,
while the median region denote the Case2. As long as
rate pairs, r, and r,, locate in the regions of Casel, only

the link with greater information rate gives contribution
to the system outage probability. However, as depicted in
Figure 2 such metric manifests only for moderately or
strong asymmetric traffic cases. When rate pairs belong
to the Case?2 , the outage probability is related to the two-
way links, simultaneously.

3 T

: : T
—o—z, =7 /1 +z)
2.5k i . . 4 B B

Case 1

2l

15F
Case 2

1, (bitlsHz)

1k

0.5

Case 1

; ; ; ;
0 0.5 1 15 2 2.5 3
¥, (bit/s.Hz)

Figure 2. Separating rate pairs, r, and r, , into two categories, which
stand for the Casel and Case2 respectively

In Figure 3, two sub-figures are plotted to illustrate the
outage performance of DF scenario as well as the
conventional max-min and max-sum relay selection
policies. Here, we let r, be invariant and r, be varied in

a specific range. Moreover, two channel cases (i.e.
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symmetric and asymmetric channels) are involved. The
first observing is that the theoretical results are close to
the Monte Carlo simulation results, which validate the
accuracy of our derived expressions. Besides, all the
cases given in Figure 3 obviously show that the max-min
policy plays better than the max-sum policy for the
asymmetric channels. For the high rate regime and
symmetric channels, the max-sum policy can outperform
the max-min policy.

v =30dB, g =g,=1r,= 2.5bit/s.Hz

RS
B 10 o -
3 o +
g o
e 3l - +
210
D) + O DF theory
§ . - DF simulation
S0 T +-max-tmin upper bound, N3 ||
Ko O max-min theoty, N=5
+ ——-max-min simulation, N=5
1 - -max-sum upper bonnd, N=5
107L. i H
+ max-sum & max-min
lower bonnd, N=5
. P 'max-sum simulation, N=5
10" I I I I : : : :
2 21 22 23 2.4 2.5 26 2.7 2.8 29 3
Iy (bit/s.Hz)
(a)

v=130dB, 8= 1, g,= 0.1, r,= 2bit/s. Hz

b 0O DF theory
10° -+ DF simulation
-+ max-min upper bound, N=5

Outage probability

O max-min theory, N=5

" ....4 ="~ ~max-min simulation, N=5
et -%-+-max-sum upper bonnd, N=5
. EX-SUM & max-min

lower bonnd, N=5

D max-sum simulation, N=5

5
10 I I I I
1.5 16 17 1.8 19 2 2.1 22 23 24 25
T (bit/s.Hz)
(b)

Figure 3. Outage probabilities of the conventional three-node scenario
and the max-min, max-sum policies for the case where r, is invariant

and r, is varied in a specific range

In the following, we make the performance
comparisons in terms of outage probability among the
max-min, max-sum and the proposed max-hmg policies.
We first consider the case where channels are symmetric
(i.e., g, =0,=1). As Figure 4, 5 and 6 illustrated, three

traffic cases (i.e., symmetric, moderately asymmetric and
strong asymmetric traffics) are involved in the outage
performance comparisons. As shown in Figure 4 for the
symmetric traffic (i.e., r, =r, =2bit/s-Hz) the outage
performance of the max-min and max-hmg policies are
inferior a bit to that of the max-sum policy in the low
SNR region (i.e., SNR <23dB ). For the high SNR
regime (i.e., SNR>23dB ), the max-hmg and max-min
policies perform better than the max-sum policy, and with
the increment of SNR the gap between the comparing
policies becomes more significant, implying that the
former two are more efficient in the high SNR region.
The most important observing is that the max-hmg policy
always plays better than the max-min policy and achieves
a diversity gain equal to N across the whole range of
SNR. For the moderately asymmetric traffic (i.e.,

1.J.Computer Network and Information Security, 2011, 5,1-12



A Study of Half-Duplex Asymmetric Two-Way Decode-and-Forward Relaying Using Relay Selection 7

r, = 2.5bit/s-Hz, r, =1.5bit/s-Hz ), the max-hmg can
provide the best performance gains compared to the
comparing policies regardless of SNR, as depicted in
Figure 5. For the strong asymmetric traffic (i.e.,
r, =3.5bit/s-Hz, r, =0.5bit/s-Hz ), as can be seen

form Figure 6, the max-hmg and the max-min perform
the same and are always superior to the max-sum policy
across the whole range of SNR. Additionally, we can find
that the theoretic results are close to the Monte Carlo
simulation results, which validate the accuracy of our
derived expressions.

8, =8,=1,r, =r, =2bit/s.Hz,

0O DF theory
“““““ DF simulation

O  max-min theory, N=2
== -max-min simulation, N=2

‘Outage probability
i
5

2 max-min theory, N=4

10" }{ —=-max-min simulation, N=4
*max-sum simulation, N=2

++max-sum simulation, N=4

——max-hms simulation, N=2
_4|| ¥~ max-hms simulation, N=4 )

10 15 20 25 30 35

¥ (dB)

Figure 4. Outage performance comparison among the three examined
policies under symmetric traffic and channels

g =g,=1r1,= 2.5bit/s. Hz, tp= 1.5bit/s. Hz

O DF theory
DF simulation

O max-min theory, N=2

——-max-min simulation, N=2
A max-min theory, N=4

107 == =max-min simulation, N=4
- max-sum simulation, N=2

=+ max-gsum simulation, N=4

—s—max-hms simulation, N=2

—#—max-hms simulation, N=4

T

Outage probability

10’A L b
15 20 25 30 35

v (dB)

Figure 5. Outage performance comparison among the three examined
policies under moderately asymmetric traffic while symmetric channels

108

g 0O DF theory

10 |.......DF simulation
O max-min theory, N=2

— —-max-min simulation, N=2
A max-min theory, N=4

Outage probability

3| | ———max-min simulation, N=4

% max-sum simulation, N=2

+ - max-sum simulation, N=4

—— max-hmg simulation, N=2

—¥—max-hmg simulation, N=4
1

10 L L
15 20 25 30 35

¥(dB)

Figure 6. Outage performance comparison among the three examined
policies under strong asymmetric traffic while symmetric channels

For the asymmetric channels, the simulation results
show the max-hmg policy is always superior to the max-

Copyright © 2011 MECS

min and max-sum policies across the whole range of SNR
when the traffic is symmetric or moderately asymmetric.
While for the strong asymmetric traffics the performance
gains of the max-hmg and max-min policies are almost
the same. Of note is that due to the space constraint, here,
we omit the corresponding simulation results.

In general, we can conclude that the outage probability
of two-way DF relaying can be measured by one-way
channel for strong asymmetric traffics. For symmetric
and moderately asymmetric traffics, the measure is
determined by two-way links, simultaneously. Moreover,
our results show that the proposed max-hmg policy can
provide significant performance gains in terms of outage
probability and always achieves a diversity gain equal to
N across the whole range of SNR, regardless of the
symmetric and asymmetric of the traffics and channels.
Although, the max-hmg policy is inferior a bit to that of
the max-sum policy in the low SNR region and
symmetric channels, on the whole, all the results
confirmed that the proposed policy is an efficient and
appropriate method to implement relay selection.

VI CONCLUSION

In this paper, we have examined the two-way DF relaying
scenario in terms of outage probability from the
viewpoint of asymmetric traffics and channels. Moreover,
in order to make a good use of the available degrees of
freedom of the channel, opportunistic relay selection (i.e.,
the max-min and max-sum policies) has bee studied and
analyzed in terms of outage probability and diversity gain.
In contrast to the current research activity that use hybrid
scheme, a single-criterion based relay selection policy
(i.e., max-hmg policy) has been proposed and applied in
the two-way DF relaying scenario, and validated by
Monte Carlo simulations. For the purpose of comparison,
we have provided the exact expressions of outage
probability for the max-min policy and the corresponding
upper and lower bounds of outage probability for the
max-sum policy. Then, numerical and Monte Carlo
simulations have been conducted. Our results have shown
that the proposed policy is an efficient and appropriate
method to implement relay selection and can achieve
significant performance gains in terms of outage
probability and diversity gain. Moreover, the simulation
results have validated the accuracy of our analytical
analyses.

APPENDIX A PROOF FOR PROPOSITION 1

Recall that the outage probability can be expressed as
Poue =1— P{[rA’ rB] ER o (El)’El}
&
: (A1)
—P{[rur]e R o (E,).E,}
&
where E, and E, are defined in (3) and (4) respectively.

In the following, we derive the right two terms of (Al)
separately. For the term & , we first rewrite it as follows

1.J.Computer Network and Information Security, 2011, 5,1-12
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& =P{z,<min(x,y),z; <min(x,y).E,|

=P{z, <min(x,y),E,}
where z,, is defined in (2). To facilitate the derivation,

we calculate (A2) by separately considering the following
two cases.
(@) For x>y, & can be written as

g = P[zM <y, x+%2(y+%)2 X > y]
= J'Z:O lze*%ydy'[(;:)
=1, exp (’T“) _[:: e exp[—ﬂ1 (y+1) -4, y} dy

(b) For x<y, & can be written as

6 -Pla, 2xyet2 (e oxs)

- L:o Ae x| (::)2 ,
= 2, exp (%)I: exp [—/12 (x+1) - ,qli dx

Subsequently, by combing (A3) and (A4), we obtain the
final expression of & .

For the term &, , we also rewrite is as the following
& =P{z, <min(x,y), zy <min(x,y),2,, <x+Y,E,}
=P{z, <min(x,y), 2,5 <X+Yy.E,}

, (A2)

. e X (A3)

e Vdy (A4)

(A5)
where z,, isdefined as z,; =2,2, +2, +Z;.
Also, we calculate (A5) by considering x>y and x<y.
(a) For x>y, (A5) can be expressed as

§Z:P{2MsyzAB_x+y x+i<(y+1 ) ,x>y}. (A6)

Then two additional cases should be considered, since it
is significant to determine the integral region for the
calculation of (A6).

(1) For the case where z, <-2

g <75 and z

o S o (ie.,
Casel), (A6) can be calculate as follows

& = Jm A, exp dy.[(y%) 7%/11 exp** dx

= ep[ (A +4)2 ] (A7)
-, exp(%)'[ exp[—ﬂi(y+%)2 —xlzdey
(2) For the case where z, >:2- and z,>2 (e,

Case2), (A6) can be calculate as

Copyright © 2011 MECS

= I%ﬂz exp dy_[(y%) 7%11 exp ™ dx
Im Zpg Y

R
2 y

- g -L]

A (-2, )exp(-AZ,e ) = 4
+{alo] 2]

eXp[ 4 (20 = 24)~Aa2s |} # 4o

2, oxp(%)[“exp| <2 (y+4) -y |dy

Then, by combing (A7) and (A8), we obtain the final
expression of (A6).
(b) For x <y, (A5) can be expressed as

g = P{ 2y SX 2,5 < x+y,y+%<(x+%)2 X< y}. (A9)
As the former case, we can obtain the final expression of
(A9) by calculating it in Casel and Case2 separately.
Then, by combing (A6) and (A9) we obtain the final
expression of &, . Finally, we can obtain the final
expressions of (10) and (11) by substituting & and &,
into (A3).

For the high SNR region, (11) can be approximate by
equation (12) by using the approximation e ™ ~ 1-x.

x—0

(A8)

APPENDIX B PROOF FOR PROPOSITION 3
Recall that the outage probability can be expressed as
Por o = P{zM >min(x,, yk)|m* = k}
o

+P{zAB >xk+yk|m* :k}

0,

—P{ZAB>xk+yk,Ef|m*=k} - (A9)

[

_P{zM >Min (X, Yy ) Zug > X + Vi |m” :k}

O

+P{zM >Min (X, Yy )r Zag > % +yk,E,k|m* =k}

O

For the term &, , the calculation is straightforward, which
is equal to p' . For the term @, by applying the law of
total probability it can be rewritten as

0, =P{X +Y, <Zg |min(xk,yk)2 min(x,Y;),

ieN Aizk) . (Al0)

_ P[xk+yk<zAB,min(xk,yk)zmin(x,,y,),ieN mi;:kj _ 6

- P min(% .y, )=min(x.,y;).ieN nizk] T Oy
where N is defined as N 0 {1,2,---,N} . Then, we

calculate (A10) accordingly. For the term 6,,, it can be
calculated as
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0y, = j;‘”uimz)exp[—(ﬂimz)s]

x[1—exp(-4, - /12)5]N *d
(-1
= ZN l(N tl+)1
Here, we used the binominal
t
(e p) =30 o

For the term 8, , it can be written as follows
0, = OZAB ﬂzeijﬂydy,"ozw_y%e%x
. N
x[1-exp(-4, —4,)-min(x,y)]
ZA?B - Zpg Y ) x
= dedy[ " A [L-exp(-4 ~4,) ]

+.[ Ale ’“dx.[ e [1-exp(-4 —4,)-x]" ' d

dx

= ﬂzZN_ol(N . J (D[, exp[~(t+ (4 + 1) y]ay

A exp(~Aze) X1, (tN _1] (-

<[ Cexp{-[t-DA4 +t+D4, ]y} dy

%Z.Nol[tN _J (', exp[~(t+ (4 + &) x]dx

- /11 exp (_ﬂzzAB )Z[N_;(tN _:J (_]-)I

><.[Oz%exp{—[(t+l)/11 +(t—-1)4,]x} dx

and further calculated as
~ 17 (_1)1 S
0, = Ziol(” ﬂl {1-exp[ ~(t+1) (4 + )% |
— A, eXp (=42, )%

2 N-1 (N ey
+Zt 21 TDAHED,

{1—exp[ t-Da, 2 (t+1)ﬂf%}}

(8 )
Ziol%x

{1—exp[ (t—1)4, 2 — (t+1)4, 22 ]}
11 exp(_;{?ZAB )X

} -1
2 +Zt 11 tfgal}u B

[1-exp[-+D4 - (-DL % ]}
N-1 (lN,l)(-l)t

Zt:o (t+1) 4 +(t-1) 4,

{1—exp[ (t+1)4, 2~ (t-1)4, —J}

A #E A,

Then, by substituting 6.
the final expression of 6, .

Copyright © 2011 MECS

theorem

dx

. (A13)

,, and 8,, into (A10), we obtain

9

For the term &, we first rewrite is as follows

P[xk Yy <2pg EX min(x, vy )2min(x;,y; ),ieN mi#k]

‘9_931:

032

, (Al4)

(A11)

P[min(xc, Y )2min(x,y; ).ieN nizk]
where 6,, can be given by (Al1). For the term &, , it can
be expressed as
0, = P{xk +Y, < Zpg, Ef,min(x, y, ) = min(x, ),
ieN ik}
_ jow%e—)qydyj(j:%’)z% ﬂie*/ﬁx
x{1—exp[—(4, + ﬂpz)y]}Nf1 dy
+j e ﬁ*dxj L Ae Y
x{1-exp[—(4, +/12)x]}
= Zyexp(%) [ fL-exp[-(4 + /12)y]}N*1
xexp| 4 (y+3) ~ 2y |dy
—dyexp(~Az) [ {1-exp[-( + Y]}
xexp[(4-4,)y]dy
+ A, exp (%) J'Ow{l— exp[—(4, + /12)x]}N7l
><exp[—ﬂ,2 (x+%)2 —ﬂidex
A exp(~A2g ) [ {1-exp[-(2 + 2)x]) "
xexp| (4, —4)x]dx

1

(A15)
and further calculated as

Oy = A, €xp (%) th-ol{tN _:J(—l)t exp |:—M“(t;m¢ :|
x Lm% exp{—/iix2 —[tA +t+D4,] x} dx
D) Yol I SRR EE S

xJ‘;% exp{—ﬂ,2 y: [t +1)A4 +t4,] y} dy
—2, eXp(—AZ,5)
B o
2
exp(—A,2,5)

2 B o

=4

(A12)

A=A,

)( gy Leellena Gl 5 5

(t-1) A4 +(t+1) 2,

A=A,

A #E A,
(A16)

(t+D) A4 +(t-1) 4,

N-1

]( l)' T-exp{-[(t+1) 4 +(t-1) 4, ]}
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Then, by substituting ,, and 6,, into (Al4), we obtain
the final expression of 6,.
For the term 6, , we rewrite it as

0 = Oy _ Pl min(x, , ¥ )<2u X +Yi <Zag ,Min(X, Y )2min(x;,¥; ) ,ieN nizk |
4T 0, P[ min(x., Yy )2min(x;,y; ),ieN nizk '

(A17)

Here, the term 6,, can be given by (All). For the term
6,,, two additional cases, i.e. Casel and Case2 should
be considered when determine the integral region for the
calculation.

(a) For the Casel, we have 2z,, > z,;. So, the integral
region is the same as that of 6,,. Therefore, 4,, can
also be given by (A13). So, we have 6, =6, .

(b) Compared to the Casel , the integral region is
reduced for the Case2. Then, the final result of &,

should be subtracted 5" from 6,,, where s" can be
written as
5" = [ ey e [L-exp(-4 - Y] dx
1

+I 21e “dej “he Y [1-exp(-4, - 4,)x]" " d

=1 L e (e —e oo™ [1-exp(—4 — Ay

e-ﬂzzAseiqx)[l exp( 11 ﬂz)X]Nl

(A18)
and further calculated as (A19). Thereby, 041 can be

+/11J g i

given by (A20), and ¢, can be given by 6, = "21 . For
the last term 6, we rewrite it as

0. - Oy P[min(xk,yk)<zA,xk+yk<zAB,E'f,min(xk,yk)zmin(x,,y,),ieN r\i;ekJ
57 Oy P[min(x., Y« )zmin(x;,; ).ieN nizk ]

(A21)
As the former case, 6, can also be given by (All). For

the term 6, , the integral region is the same as that of 6,
>17,5. S0, we have 6, =6,, and further
obtain g, =6, . Consequently by substituting 6,, 6, , 6,
6, and g, into (A9) we obtain the final expression of (20)

in the main part of this paper.
Moreover, in order to simplify the notation, we define

two functions A(d,,d,,u,v,e) and II(d,,d,,u m,e) .
The former is given as
A(d,,d,,u,v,e)=

due to z7, +2z,,

®(d;,dy,u,v.e)
D(e) '

(A22)
where @(d,,d,,u,v,e) is given by equation (A23) and

e-1 (e (-1
p(e)=y Y

And the latter is depicted as
I1(d,,d,,u,m,e)= (A25)

where ¥ (d,,d,,u,®,e) is given by equation (A26) and

(A24)

W¥(dy,dyU,0,8)
D(e) '

D(e) is given in (A24). According to the above analyses,

we have the results given by (A27). Consequently, by
using the approximation e™ ~ 1-x, we can obtain

x—0

equation (26) in the main part of this paper.

5N:Zi;l(h_ﬂ({1) {exp[ (t+1) (4 + )z, |- exp[ t+1)(,11+,12)ZAeJ}

%(%_ZM

1 (g

ﬂQGXP( ﬂleB)zt o TDAH T, {EXp[—(t—l)ﬂle

21(%_%

Copyright © 2011 MECS

N-1 (IN ,1)(*1)'

)exp(~Azas )+ 2 06D (-2 ) X, T
—Ax{exp[-(t-DAz, —(t+D 4,2, |-exp[~(t-D2 5 - (+)4 2 |} 4 =4,
~(t+D 4,2, ]-oxp[ ~(t-DA L -+ DL 5 |} 4 # Ay

Jerp (st )+ (i) T
—{x{exp[~(t+ D4z, - (t-DA2, |-exp[ (t+DA4 % -t -D4 2 || 4 = 4;

ﬂiexp(—lzzAB)thol%{exp[ ~(t+ DAz, — (-1 A2, |-exp[—(t+1)4, % (t—mz%]},z1 £ 1.

(A19)
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00 =0, -5" =X By o (41) 4+ 202, )

Y
Z,, + l-exp|-(t-DAz, -(t+DAz, |}, 4 =4,;
A ep(~Az,e ) z(t 1)« Ty (1 R[04z, ~ -+ D42 [} 4 = 4 _ (A20)
( t
e s L[t -DAz, ~(t+ D42, [ 4 % 4,
(-1
L exp(~ A2, ) AEDINN (tjgal)(t 7 (1-exp[~(t+ DAz, ~ (-1 A2 ]} = 4
2 AB
(
> J—Jﬂﬂa 5 (L-exp[-(t+ DAz, - (t-D42, ]},ﬂiiﬂ?.
d)(dl,dz,u,v,e)=Zf:;(e 1)511) {1 exp|[ —(t+1)(d, +d )v]}
(e-aJ .
—d, exp(~dyu)x V+Z[ (1(t)l)d11+(t+1)d2 {1_8Xp[_(t_1)dlv_(t+1)dzv]}ld1 =d,; (A23)
er (L)t
> e (- exp[—(t-Ddy — (t+2)d,v]}d, = d,.
(&)
o, exp(—d,0)x VD 1(“(1)[1111“ T {1-exp[-(t+DAv—(t-DAV]},d, =d,;
Y —H
et (L)t
ztzé(tlmf)w{l—exp[—(t +1dyv - (t-1d,v]},d, = d,.
1
\P(dl,dz,u,a),e):dzexp(%)Zf ;(t j( 1)t exp[wmﬁexp{_dlxz_[ml+(t+1)d2]x}dx
2
e t 4 + W+7
+dleXP(de)Z[ ;[ )( 1) eXp[%M1 2exp{—dzyz—[(t+1)dl+td2]y}dy
2
orZi) e st g g,
—d, exp(—d,u)x . (A26)
Zf‘é(e_J< D e d, #
E—t —exp{—[(t+1)d; +(t-1)d, ]
+Zt11(e_1j1 p{(t-[v-(ll)dll)f(t—(]f)dlz)d . }(_1)tld1 = dz;
—d, exp(—d,u)x .
ol oo e o,
2 {ZAB>Xk+yk|m _k} (21’12 ZAB’Z/;B’N)
0, = {ZAB >Xk+yk'E |m _k} (ﬂi,lz,ZAB,Q,N);
A A, Ay 25,22, N ), for Casel; (A27)
:P{ZM >m|n kayk) AB>Xk+yk|m —k} (ﬂl 21 Zpgr Ty ) or Case
A(A, A, 245,24, N), for Case2.
P{z >min(X, Y, ), AB>xk+yk,E1|m :k}:l‘[(ﬂl, Zps QU N)
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