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ABSTRACT

Cognitive Radios play very important role in military applications due to their capability to adapt intelligently
according to the prevailing environmental conditions. Relays form the main communication enablers in infrastructure-
less networks. In this paper, relay selection for increasing the energy efficiency of a cognitive radio network is
considered. The proposed approach considers the multiple - relay selection scheme with strict outage probability
constraints. Energy maximisation is posed as an optimisation problem, the solution to which shows that relay
selection under outage constraints is different from the one without such a constraint. It can be observed from the
simulations that energy efficiency and outage behaviour follows trade-off relations. Moreover, the original Branch
and Bound algorithm has been re-designed for faster convergence. It has also been demonstrated that when strict
outage constraints are imposed, the optimal number of relays selected will be more in comparison to the case where

there is no outage consideration.
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1. INTRODUCTION

The continuously growing wireless applications have
made the present day cell phone users more demanding of
data rate, speed and quality of service (QoS). The subsequent
spectral inadequacy severely affects wireless applications in
military, commercial and civil sectors. However, FCC? reports
that most of the licensed spectrum is currently either unused or
under-utilised. Cognitive radio (CR) technology is one of the
state-of-the-art technologies which was originally proposed
to mitigate the spectral inadequacy problem. CRs exploit un-
utilised and underutilised frequency bands of the licensed users
through sensing and subsequent dynamic sharing of spectrum
with unlicensed users. An overview of the major developments
in the area of CRs is as given in articles?*.

There is a call for the wireless domain to go ‘green’ due to
various reasons®. One is to increase the battery life of wireless
devices especially in highly restricted and military areas®.
Second reason is to reduce the greenhouse gas emissions
due to wireless devices. In addition, radiations from wireless
terminals pose serious threats to human beings and other living
creatures. Energy efficiency (EE) has thus become a parameter
of paramount importance in military and civilian wireless
communications. The idea of green communications using CR
systems has been described by Grace’, et al. Some of the major
benefits of using CRs for energy efficient communications are
provided in the works of Alag?, et al. and Sanctis®, et al.

Relay-assisted communication exploits spatial diversity in
wireless environment for improving spectral efficiency. From

Received : 02 August 2017, Revised : 22 December 2017
Accepted : 22 January 2018, Online published : 16 April 2018

an EE perspective too, relays are highly beneficial'®. This is
mainly due to less transmitted power required by relay nodes
which leads to prolonged battery life.

In the proposed work, authors implemented a novel
multiple relay selection in a CR network where SUs and PUs
co-exist. The goal is to maximise the EE of the secondary
network under preset transmit power, interference and outage
constraints. Even though present work is somewhat similar
to that of He'!, et al. it stands far apart in that the proposed
work arrives at the best relay set based on outage behaviour.
On the other hand, reference cited above selects relay based on
the data rate requirements and thereafter the outage behaviour
is analysed. Furthermore, in the proposed work, the authors
have formulated the optimisation problem as a combinatorial
integer programming problem which is fractional in nature. The
original problem is mathematically intractable and therefore
a sub-optimal algorithm is also designed which is a modified
version of the classical branch and bound (BnB) algorithm. To
the best of the authors’ knowledge a similar study has not been
conducted so far. Simulation and numerical results demonstrate
that the proposed method achieves the maximum EE compared
to existing works.

2. EXISTING WORKS

Jing®?, et al. proposed a method for selecting the best
relays for maximised throughput. Tang*, et al. proposed best
relay criterion jointly with a power allocation procedure for
maximising the EE of a CR system. In this work, the energy
states at each relay node have been modelled as a finite Markov
Chain and the analysis is carried out. Chen, et al. proposed
a joint relay selection and power allocation is performed in a
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spectrum leasing scenario. Here, the goal is to select best relay
set for the PU and optimally allocate power so as to maximise
the weighted sum energy efficiency (WSEE) of the secondary
network. Another contribution®® discusses multiple relay
selection scheme to maximise the signal to noise ratio of the CR
receiver in a two-hop relay network. This work has considered
the interference due to SUs on PUs while formulating the
optimisation problem. However, outage probability behaviour
is not taken care of in this work. Jing®, et al. proposed a relay
selection method based on achievable data rate. However, in
the above contribution, the authors have not proposed a general
method to select relays considering outage in advance. This
motivates us for the proposed work.

3. SYSTEM MODEL AND PROBLEM

FORMULATION

In this work, the authors consider a relay assisted CR
network, where PUs and SUs co-exist. The network architecture
is as depicted in the Fig. 1. The primary and the secondary
networks consist of their own transmitters and receivers
designated as shown in the figure. The communication between
the ST and the SD is aided through cognitive relays SR, , where
i=12...... M . All the nodes in the network are single antenna
equipped. The channels are designated as shown in Fig. 1.

It is assumed that SR and SD are separated by a fading
channel. Also, the channel state information (CSI) regarding
the ST-relay link is known at the ST and that regarding the
relay-SR link and relay-PR link is known at the relays. The
channel gains are Gaussian distributed. The noise at both PR
and SR is also Gaussian, having zero mean and a variance
of N,. The relaying protocol used is amplify and forward
(AF). Communication between the ST and the SD happens
in two consecutive time slots. On the other hand, PT keeps
on transmitting continuously. During the first slot, all relays
seek information from ST as well as from PT and during the
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Figure 1. System model for the cognitive relay network.
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second slot, the selected relay SR, (hereafter r,) will forward
the received signal to ST.

3.1 Energy Efficient Relay Selection

Let x, and x, denote the transmitted signals of PT and
STs respectively and the corresponding transmit powers be P,
and P, .The received signal y, attherelay r, (SR, ) in the first
time slot can be expressed as

Y, =P 00 X, +Ph, X+, )

where G refers to the channel gains from the PT to the i*
relayrand h,, refers to the channel gains from ST to the "
relay r,.

The signal transmitted during the first time undergoes an
amplification at each relay to produce the signal y,f‘ F, which is
expressed as

=Py @

where hg is the equalising gain provided by the relays for
compensating the subsequent channel loss. Therefore, it is
appropriate to choose hg" =h’, P, denotes the transmit
power of the i" relay. At the end of the second time slot, the

signal received at the CR receiver can be expressed as®
\/P> P .. %, D
\/7P htrxs rd| + +\/79ps p +znri,d (3)
EM ieM
/P, hr“d| n,

The achievable throughput for the entire end to end
communication is given by

2
rd| +

R= 05Iogz(1+maxSINR 4)

where the SINR is as given by Eqgn. (5). The signal component
S, noise component N and the interference component 1
can be expressed as:

2
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S'NRi— \/7 htr S r,d| .
\/> P gtr p|hrd| +\/79ps p+\IPR, hr,,d nt,r, +nr,,d
®)
2
SENCY e (6)
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2
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Now EE is calculated by Eqn. (9).
R
Nee =—— ©)
= Ptotal
where
Py =2P. +P. +a,P, ieM (10)

The term 2P, appears because the PUs keep on
transmitting over both the slots.
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Equation (3) is re-written as follows in order to make it

suitable for optimisation,

JP Py 9i %
Ye = +\/P75 PR, ht,r,Xs
s

where o, =1, when the i" relay i is selected and «; =0, if it is
not selected. Now, the problem of optimal relay selection can
be formulated as given follows:

2
h,l_d|
hol  pRger, @D

2
h, 4 | N+ g

a = argmax M (12)

C ist.a,e {0,1} (13)

C,:2P, +P, +o,P; <P, (14)

C, :ZM:PR' 9., ’ +P, g, <, (15)
Ry

C,: Pr{y <2 —1} <P. (16)

where 1, is the interference threshold limit at the PR and P,

is the average power which is available for transmission. The
first constraint is about the selection of relays. The second
constraint puts an upper limit on the transmission power
budget. The third constraint restricts the interference from the
ST as well as the selected relays at the PR. The final constraint
is regarding the outage probability of the secondary network. y
denotes the least SNR required to enable transmission without
an outage and R, stands for the required minimum throughput
for a given outage probability.

3.2 Solution to the Optimisation Problem

The problem of relay selection is a non-convex
optimisation problem which is Knapsack-like and NP-hard. In
addition, the energy efficiency function is fractional in nature.
Usually, Integer/Combinatorial problems are solved by using
Branch and Bound (BnB) methods, but may take an exponential
number of iterations, only with a worst case possibility of
solving 2", where n is the number of variables. In this work,
the authors have considered the BnB algorithm for the selection
of relayst’. The original BnB method is slightly modified in
this work, since the problem at hand involves binary integers.
The algorithm stands apart from other algorithms of the same
genre in that it has the advantage of not requiring non-integral
relaxations. While the conventional method of enumeration
technique might work well with very less number of relays
say around 5, the modified methods work well with very huge
numbers.

In the modified BnB method, we always maintain the
0-1 integral restrictions, whereas the inequality constraints
are ignored temporarily. Towards this end, we first fix some
of the variables as 0 or 1. The remaining variables are the free
variables. The feasibility is checked for each iteration. The
following Table 1. illustrates the modified BnB algorithm as
applied to the relay selection procedure.

Table 1. Algorithm for relay selection based on modified BnB

Input output Procr lins Pt &3 Mee
1. Randomly select any one o
Set k=1

Branch w.r.t to 2 subspaces corresponding to o =1
and aik — 0, ignoring the inequality constraints and
setothervariables o, e {0,1}“”’k =12, M, j=i
as free variables.

4. Check the feasibility of the solution corresponding
to af =1land onik = Oby considering the inequality
constraints (Possibilities are either of the one will
be feasible or both)

5. Proceed with the value of a:‘ (0 or 1) for which the
solution is feasible.

6. If both (0 and 1) are feasible, select the one with the
maximised objective function.
k=k+1

Select the next variable.
Repeat steps 2-7 until k=M

4. SIMULATION AND NUMERICAL RESULTS

Authors validated the proposed algorithm through
simulations. The range of values for all the plots are selected
in such a way that they clearly portray the trend in the desired
region. All throughout the simulations, we assume that the
channels are Rayleigh distributed. The relays are placed at
random locations roughly in a circular area. The number of
relays range from a minimum of 1 to maximum of 20. The
maximum transmit power P, = 10 dBm and Interference
threshold 1,, =20 dBm. The rate R, which decides the outage
probability is taken to be 0.5 bits/s. The results are obtained
after averaging over 10,000 simulations. For simplicity, we
have performed water filling power allocation for all the relays.
For comparison, we have adopted the Greedy Spectrum Sharing
(GSS) -based best set relay selection®®. In addition, the modified
BnB algorithm exhibits a very good guarantee of convergence,
which is verified through extensive simulations. For instance,
for 10 relays, the algorithm converges in 2-3 iterations, for
20 relays, the algorithm converges in 5-6 iterations and for a
relay set of 30, the algorithm converges in 8-9 iterations on an
average.

In Fig. 2, the EE curves for different values of PU
interference thresholds are plotted for GSS based selection?®,
random relay selection and relay selection according to the
proposed BnB method. It is demonstrated that the proposed
method performs better than the other two. It is obvious that
EE function follows a uni-modal variation with respect to the
interference threshold 1, . This is due to the fact that, elevating
the threshold of PU interference means that ST can transmit with
more power, which eventually leads to successful receptions at
the SR end. Thus, EE follows an increasing trend till a particular
value of [, . On the other hand, making the SU transmissions
liberal by permitting the higher value of interference threshold
would adversely affect both the SU and PU QoS, thereby
decreasing EE. As far as the SU network is concerned, this is
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Figure 2. EE vs. Interference threshold at the PU for various
schemes.

due to the growing interference among SU nodes. Therefore
a declining trend for EE can be observed at higher values of
I, . It also provides the insight that this method can tolerate
more interference power at the PU, compared to many existing
methods.

In Fig. 3, EE vs. available number of relays is plotted. It
is clear that as the number of available relays increase there
will be slight drop in energy efficiency, since chances are high
that more relays participate in transmission. In addition, it is
observed that, when the outage probability constraints are
removed, EE increases, but at the cost of poor reliability.
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Figure 3. Energy efficiency with respect to number of available
relays.

Fig. 4 is a plot of average EE vs. outage probability
thresholds. It is clearly understood that as the outage
probability constraints become more stringent, EE decreases.
However, on making the outage probability threshold loose,
EE increases. This is because, in the second case, number of
relays participating would be less. The reverse happens when
the outage probability constraints are tight.
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Figure 4. EE w.r.t. outage probability for various schemes.

In Fig. 5, the authors have plotted the probability of
selecting a particular relay set against the cardinality of the
relay set. It can be noticed that, given no outage constraint, the
maximum probability is for selecting a single relay. Relay sets
with higher cardinality are seldom selected, their probability
tending to zero for a set even with cardinality 4.
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Figure 5. Probability of selecting a relay set vs. its cardinality.

5. CONCLUSIONS

In this paper, a novel relay selection method to maximise
energy efficiency is proposed. A modified branch and bound
algorithm was also developed for solving the 0-1 combinatorial
relay selection problem. The relay selection takes outage
probability into consideration while the optimisation is being
performed. Simulation and numerical results show that this
method has resulted in higher energy efficiency than the
already existing GSS method and random selection of relays.
Furthermore, the simulations show that selection of relay nodes
with outage probability constraints calls for more selected
relays. As a future work the authors aim to derive an analytical
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expression for the upper bound of energy efficiency achievable
in our scenario.
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