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Abstract— In this paper we focus on improving the performance
of a two-way relay network consisting of two end nodes and
multiple relays. It is assumed that the system utilizes multiple
access broadcast as the transmission protocol and decode and
forward as the relaying protocol. The performance metric of the
system is outage probability and we try to improve it by creating
diversity gain and coding gain. Our approach is relay selection
that yields diversity gain, jointed with optimal power allocation
that results in coding gain. Four methods for joint relay selection
and power allocation are introduced. Among them, three
techniques known as OPA-OS, OPA-MMS and OPA-HS result in
full diversity gain (equal to number of relays) and 1.5 dB coding
gain in the outage probability. One remaining technique i.e.
OPA-MSS although provides no diversity gain, but can yield
coding gain in lower SNRs.
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l. INTRODUCTION

Cooperative (or relay) networks are promising to present
several benefits in wireless networks such as transmission
range extension, spatial diversity and channel fading
combating. Among various topologies considered so far for
relay networks, Two-Way Relay Networks (TWRNSs) are of
special importance, since they make bidirectional information
flow possible among the two transceivers.

Generally, in a simple three-node relay network similar to
Fig. 1, comprising of half-duplex transceivers, operating in a
single frequency band, a and b need four time-slots to
exchange theirdata: ) a » r; 1) r > b; ) b > 7; IV) r - a.
By exploiting the idea of network coding, one can reduce the
number of time-slots and therefore increase the spectral
efficiency (transmitting more bits in less time). Multiple
Access Broadcast (MABC) is one of the common transmission
protocols that utilizes the network coding and enables terminals
a and b to exchange data in two time-slots: 1) a = r « b; Il)
a «r — b. We have explained the details of this protocol in
section ILA. In addition, several relaying protocols such as
Decode and Forward (DF), Amplify and Forward (AF) and

Figure 1. A three-node relay network, with half-duplex transceivers
operating in single frequency band.

Compress and Forward (CF) have been proposed that specify
how relays forward the received signal [1-5].

A vast amount of researches on relay networks have been
devoted to performance improvement. The performance of a
relay network can be explained in terms of metrics such as
outage probability and/or error probability. For instance, one
could devise a method increasing the slope of the outage/error
probability curve and hence obtaining diversity gain in the
system. Alternatively, one may be able to shift error/outage
probability curves towards lower SNRs which is equivalent to
achieving coding gain.

The methods by which the performance of a relay network
is improved are different. Optimal resource (power, rate, etc.)
allocation to the nodes and relay selection in multiple-relay
networks are of important examples. In this paper, we have
chosen outage probability as the performance metric and
proposed joint relay selection and power allocation methods to
obtain both diversity and coding gain.

Optimal Power Allocation (OPA) and/or relay selection in
DF TWRNs form the basis of many previous works [6-17].
Specifically, in [6-8, 17] OPA has been discussed while [9-14]
spotlight the relay selection. References [15, 16], on the other
hand discuss the joint relay selection and power allocation in
such networks.

The author in [14] considers a TWRN with MABC DF
protocol consisting of two terminals and a cluster of relays;
then introduces several techniques for relay selection with the
target of achieving diversity gain in outage probability. This



work assumes that the terminals and the selected relay transmit
with equal power and the data rate of terminals are also the
same (data rate fairness condition). On the other hand, we dealt
with the issue of OPA in a MABC DF single-relay TWRN in
[17]. To be specific, we derived a closed-form mathematical
expression for the outage probability under the most general
system model than former works, and then proposed an
algorithm to find transmit power values that minimizes the
outage probability and provides coding gain.

In this paper, we extend the idea of [17] to the case of a
multiple-relay TWRN and propose joint relay selection and
power allocation schemes, so that we can observe both
diversity gain and coding gain simultaneously in the outage
probability of the system.

The remainder of this paper is organized as follows. In
section |1, the system model that we study is exactly described
and the concept of performance metric i.e. outage probability
defined. In section Ill, we introduce our joint relay selection
and power allocation techniques. The simulation and numerical
results are included in section IV. Finally, we conclude the
paper in section V.

Il.  SYSTEM MODEL

In this section, we first describe our system model and then
its performance metric.

A. System Model

The system model on which our approach is based, is the
same as in [14]. This model is depicted in Fig. 2, representing a
TWRN comprising of two terminals a and b and K relays.
Terminals a and b aim to transmit independent messages w,
and w,to each other via relays. It is assumed that there is no
direct link between a and b and the information exchange is
only possible by the help of relays. All the nodes are single-
antenna half-duplex transceivers. Terminals a and b transmit
with data rate R, and R, bits per channel use (BPCH)
respectively, ie. w, €{0,1,--,|2Re| -1} and w,€
{0,1,---,|2Rp| — 1}.

All the transmissions of network occur in a single
frequency band. The protocol for information exchange is
MABC DF which splits the transmission process into two
phases. During the first phase, called MAC (Figure 2. Fig. 2-a),
terminals a and b transmit their messages to the relays by
forming a conventional MAC channel [14]. The transmit power
of terminals a and b are represented by P, and P, respectively.
Each relay attempts to extract messages w, and w, by
Maximum Likelihood (ML) decoding [18]. In the second phase
of transmission, called BC (Fig. 2-b), one of the relays is
selected among others and assists terminals in exchanging data.
We will explain about the relay selection scheme in section Ill.
The selected relay, r’, produces w,, by combining messages
w, and w,, using DF-JM network coding scheme [18]. DF-JM
network coding is appropriate for the case that the messages to
be combined are not necessarily of the same length, i.e.
R, # R, . r' broadcasts w,, with transmit power P,/ .
Terminals a and b exploit ML decoding scheme to extract w,.,
and then perform self-interference cancellation to recover the

w,r = flwg, wy,)

w,r = flwg,wy,)

(b)

Figure 2. Steps of information exchange in the TWRN with MABC DF
protocol. (a) MAC phase; (b) BC Phase.

intended message. (Terminal a whishes to recover w, and
terminal b wishes to recover w, from w,). Since the selected
relay has only the role of assistant and no benefit acquires, we
impose the constraint P,» < P,, P,, so that it consumes less
power than the terminals. The duration of MAC and BC phase
in the protocol is assumed to be equal.

It is assumed that all nodes can receive messages properly,
without any error, since we have chosen outage probability as
the performance metric in our work and error probability is not
the subject of it.

The physical channels between each pair of nodes are
subject to the block fading and modeled as a circularly
symmetric and complex Guassian random variables with zero-
mean and unit variance. Furthermore, different links are
statistically independent of each other. Channel coefficient
between terminal i € {a,b} and relay r € S ={1,...,K} is
represented by h;. . All the channels are assumed to be
reciprocal i.e. h; = h,;. Additive noise is also considered in
the receiving signals at the nodes which is modeled as a zero-
mean circularly symmetric complex Guassian random variable
with variance 2. Channel coefficients remain constant during
one interval of transmission (one MAC plus BC phase), but
may vary for the next interval independently. Necessary bits
are also included in the MAC phase signals that make relays
capable of estimating their own channels. However terminals a
and b are not required to have knowledge of their own channel.

B. Performance Metric

For each communications network we can specify a region
called achievable rate region. This is the region that determines



what the data rate value of different nodes can be, in the
system. If at least one of the nodes transmits with data rate
value, outside of the achievable rate region, then an outage will
occur. For the system described above, the achievable rate
region is determined by the constraints [19]
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If the parameters Ry, Ry, P,, P, and P,.rare determined so
that at least one of the constraints in (1)-(3) is not satisfied,
then an outage will occur. We have evaluated, in our previous
work [17], the outage probability and obtained a closed form
mathematical expression for it. The reader may refer to (16)-
(21) in [17] that specify the outage probability of the system. It
should be recalled that these equations determine the outage
probability of the system under the constraint P.» < P,, P, .
(We discussed the reasonability of this constraint in previous
section).

IIl.  RELAY SELECTION AND POWER ALLOCATION

The author in [14] has proposed four relay selection
schemes for a system model described in part I1-A, with the
exception that he has assumed equal power allocation to the
nodes (P, = P, = PB.) and data rate fairness (R, = R;). these
relay selection schemes have set diversity gain in outage
probability as the target. On the other hand, optimal power
allocation is the main subject of our recent work [17]. We have
proposed a power allocation technique in which transmit power
of terminals a and b and the selected relay r' are adjusted such
that outage probability is minimized and coding gain is
obtained.

Now we improve relay selection schemes of [14] by
employing our power allocation technique and devise new
methods for joint relay selection and power allocation in a
TWRN with MABC DF protocol. As a result of this
improvement, diversity gain and coding gain simultaneously
appear in outage probability and therefore a better quality of
data transmission is achieved.

In all subsequent techniques, P,, P, and P are optimized
power values according to the algorithm described in [17]. As
we have clarified in [17] the power allocation scheme is
unrelated to the exact channel coefficient values and only the
statistical properties of channel are important.

The improved relay selection schemes according to the
OPA is as follows.

A. Optimal Power Allocation-Nonselection (OPA-NS)

In this method, no selection is made among the relays or
equivalently one of the K relays is randomly selected and
therefore no diversity gain is expected from this scheme. It has

been proved in [14] that diversity gain for this technique is
equal to one (dppa—ns = 1)

We will use this scheme as a reference for comparison
between proposed schemes in simulations (section V).

B. Optimal Power Allocation-Optimal Selection (OPA-OS)

In each transmission period, the relays of the set S that can
satisfy the constraints (1)-(3) are considered in the set S’ which
is obviously a subset of S (S’ may be empty, namely no relay
can satisfy these constraints). If S” is not empty, then one relay
of this set will be selected randomly, otherwise (if S'is empty)
an outage will occur. The selection technique can be
represented as

r' =rwithr €S and Pr{r' =r} = ISL’I’ 4

where Pr{.} is the probability of happening a random event
and |S| is the cardinality of S.

This selection scheme results in full diversity gain, i.e.
dopa-os = K as demonstrated in [14].

The main challenge of this method is its complexity.
Specifically, a central management node is needed to analyze
all the relays and select one of them that has the specified
conditions.

C. Optimal Power Allocation-Max-Min Selection (OPA-
MMS)

By employing OPA technique, the MMS method of [14] is
modified as

r — arg maXreS mln [P* |hur| P* |hbr| Pg |hbr| P* |har| ] (5)

The philosophy behind this selection is that it tries to
maximize the point-to-point transmission rate constraints (1)-
(2). Specifically, it selects the relay that its minimum
instantaneous SNR is higher than others. Max-min selection
also results in full diversity gain, i.e. dppa_yms = K [14].

The main advantage of max-min selection over optimal
selection is its reduced complexity. All the relays that receive
W, and Wy, calculate their own term

« R « R « R « harl? . .
min [P ' ‘"' b ”T' ,p; ! ”;' B! Z;' ]and wait for a time

interval mversely proportlonal to this term. As a result, the
relay that has the largest value, is the one that transmits before
others and also informs the remaining relays not to transmit.

D. Optimal Power Allocation-Max-Sum Selection (OPA-MSS)

By employing OPA technique, the MSS method of [14] is
modified as

[harl?

. « Ihprl?
r’ = arg max,cg [Pa + P %] (6)
To be specific, max-sum selection focuses on the sum-rate
constraint (3) attempting to select the relay that has maximum
sum-rate.



In contrast to OS and MMS, MSS fails to provide diversity
gain at high SNRs. It has been confirmed in [14] that MSS is
only efficient for low SNRs and dj;ss = 1 as SNR — .

Implementing the MSS method resembles much to the
MMS method. The only difference is that the relays must

harl? hprl? . .
calculate the term P; | “;' + Py % and set a timer inversely

proportional to this term.

E. Optimal Power Allocation-Hybrid Selection (OPA-HS)

The HS method utilizes both MSS that prepares coding
gain at low SNRs and MMS that provides diversity gain at high
SNRs. By employing OPA technique, the HS method of [14]
can be modified as:

|harl?
0—2

2
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otherwise
2 2
T’ = arg max,¢g [P; % +P; %] (8)

HS method provides full diversity gain, i.e. dppg_pys = K
[14].

IV. SIMULATION AND NUMERICAL RESULTS

We have conducted various Monte Carlo simulations to
demonstrate the effectiveness of our proposed joint relay
selection and power allocation techniques. The results of these
simulations have been depicted in Figure 3. Fig. 3-12. All the
figures illustrate curves of outage probability versus SNR =

Foum 2" (measured in dB) where Py, = P, + P, + P, is the total

transmit power of active nodes. We have assumed o = 1 (unit
noise variance) in simulations which results in SNR = Pyy,.

In all these figures, the curves specified by white circles
(EPA, NS) represent the outage probability in the case of equal
power allocation, ie. P, =P, =P, = PS% and the
nonselection method.

In the curves specified by white squares, OPA has not yet
utilized and therefore P, =P, =P, = PS% . However

different relay selection schemes of [14] have been employed.
As it is apparent of Fig. 3-6,9,10 using OS, MMS and HS
schemes result in diversity gain in outage probability, but MSS
scheme (Fig. 7.8) does not provide diversity gain and only
coding gain is obtained in low SNRs.

In the curves specified by white triangles, the joint relay
selection and power allocation methods, explained in
section |11, have been simulated. It is observed that for OPA-
OS and OPA-MMS (Fig. 3-6), about 1.5 dB coding gain is
obtained when OPA is carried out.
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Figure 3. Outage probability versus SNR for a MABC DF TWRN with
K=5, R, =7, R, = 4 BPCH and OPA-OS method.
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Figure 4. Outage probability versus SNR for a MABC DF TWRN with
K=5, R, = 4, R, = 4 BPCH and OPA-OS method.

Figure 5. Outage probability versus SNR for a MABC DF TWRN with
K=5, R, = 7, R, = 4 BPCH and OPA-MMS method.
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Figure 6. Outage probability versus SNR for a MABC DF TWRN with
K=5, R, = 4, R, = 4 BPCH and OPA-MMS method.

Fig. 7,8 show that the OPA is effective as far as the MSS is
effective. In other words as SNR — oo, the diversity gain
becomes 1 and therefore the outage probability curve becomes
parallel with the case of NS.
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Figure 7. Outage probability versus SNR for a MABC DF TWRN with
K=5, R, = 7, R, = 4 BPCH and OPA-MSS method.
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Figure 8. Outage probability versus SNR for a MABC DF TWRN with
K=5, R, = 4, R, = 4 BPCH and OPA-MSS method.

By combining MMS and MSS in OPA-HS method, the
coding gain of OPA- MMS for high SNRs and OPA-MSS for
low SNRs become available simultaneously, as depicted in Fig.
9,10.
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Figure 9. Outage probability versus SNR for a MABC DF TWRN with

K=5, R, = 7, R, = 4 BPCH and OPA-HS method.
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Figure 10. Outage probability versus SNR for a MABC DF TWRN with
K=5, R, = 4, R, = 4 BPCH and OPA-HS method.
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Figure 11. Outage probability versus SNR for a MABC DF TWRN with
K=5, R, = 7, R, = 4 BPCH, comparison between OPA-OS, OPA-MMS,
OPA-MSS and OPA-HS methods.

Figure 12. Outage probability versus SNR for a MABC DF TWRN with
K=5, R, = 4, R, = 4 BPCH, comparison between OPA-OS, OPA-MMS,
OPA-MSS and OPA-HS methods.

Finally, we have plotted all four methods in Fig. 11,12 in
order to compare with each other.

V. CONCLUSION

In this paper, a TWRN with MABC DF protocol was
studied. The system comprises two terminals that wish to
exchange their messages with the help of one relay among all
K ones. We then proposed four joint relay selection and power
allocation schemes to improve the outage probability of the
system. Three of these schemes, i.e. OPA-OS, OPA-MMS and
OPA-HS provide full diversity gain (equal to K) and about 1.5
dB coding gain. The one remaining scheme, i.e. OPA-MSS is
also effective in low SNRs although does not result in diversity
gain. The OPA-OS is the optimal technique but most
complicated in terms of implementation, while the OPA-MMS
and OPA-HS are easy to implement in the system.
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