www.ietdl.org

1ET Journals

Published in IET Communications
Received on 5th May 2013
Revised on 17th November 2013
Accepted on 16th December 2013
doi: 10.1049/iet-com.2013.0379

&
3

ISSN 1751-8628

Power allocation for orthogonal frequency division
multiplexing-based cognitive radio networks

with cooperative relays

Sidan Du’, Fangjiang Huang', Shaowei Wang'?

"School of Electronic Science and Engineering, Nanjing University, Nanjing 210093, People’s Republic of China
?Department of Management Science and Engineering, Stanford University, Stanford, CA 94305, USA
E-mail: wangsw@nju.edu.cn

Abstract: The power allocation problem in orthogonal frequency division multiplexing-based cognitive radio (CR) networks
with cooperative relays has been investigated here, where both the interference to primary users (PUs) and the power budget
of the CR network are considered. The authors try to maximise the overall throughput of the CR network within the given
constraints. The coupling variables in the formulated problem make it hard to solve, so an iterative optimisation scheme to
find out the optimal solution with a controllable complexity is developed. First, the original problem is decomposed into two
subproblems that can be solved independently. A fast barrier method has been employed to work out the optimal solution to
one of the subproblems with a complexity of O(L*N), where L and N are the number of PUs and subcarriers, respectively.
Then, an iterative procedure is developed to solve the other subproblem. Numerical results show that the proposed method
can significantly increase the throughput of the CR system, comparing with other representative ones. Furthermore, the

proposed algorithm gives a general power optimisation framework for CR networks with cooperative relays.

1 Introduction

Radio spectrum is a scarce resource and becomes a bottleneck
to develop new wireless applications in recent years. On the
other hand, it has been shown that most of the licensed
spectrum is underutilised and stays idle at any given time
and location [1]. Cognitive radio (CR) [2, 3] is a promising
technology to improve spectrum efficiency by exploiting
the spectrum portions unoccupied by licensed holders, also
known as primary users (PUs). A CR user, also referred to
as secondary user (SU), can access to a CR network
opportunistically as long as the interference introduced to
PUs is kept below a prescribed threshold [4].

Orthogonal frequency division multiplexing (OFDM),
which offers a high flexibility in radio resource allocation
(RA), has been widely recognised as a potential air
interface for CR systems [5]. However, in an OFDM-based
CR system, even with near-perfect spectrum sensing, SUs
can produce significant interference to the PUs operating in
the adjacent bands and vice versa, especially when the PUs
do not adopt OFDM modulation. Consequently, dynamic
RA is very important as the SUs have to adjust its
parameters frequently to adapt to the changes of spectrum
environment and try to void corrupting the normal activity
of the PUs. As an attractive issue, RA in OFDM-based CR
systems has been intensively studied [6-9].

One of the most challenging problems in CR networks is
how to satisfy the quality-of-service (QoS) requirements of
the SUs efficiently while keeping the interference to the
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PUs below their tolerable thresholds. However, in some
cases, a reliable transmission between a certain pair of CR
nodes with direct link requires too much power because of
poor channel condition caused by deep fading in wireless
environment, which cuts down the lifetime of the battery of
the nodes and leads to heavy interference to the PUs [10].
Furthermore, even if a CR network running in a centralised
manner could perform an efficient dynamic spectrum
management to meet the rate requirements of the SUs, the
arising high computation burden makes it difficult to apply
[11]. So, conventional transmission strategy may not be
suitable for CR systems. Cooperative relay is a powerful
scheme to combat the effects of fading by exploiting the
spatial diversity over dispersed nodes [12, 13], which is
also a promising method to overcome the mentioned
difficulties in CR networks [14]. In a CR network,
cooperative relay can not only beat multipath fading, but
also reduce the required transmission power of each CR
node. Therefore, it can also mitigate the interference
introduced to the PUs. The key issue is how to allocate
power properly so that the throughput of the CR system can
be maximised while keeping the interference to the PUs
under the desired level, which is the topic of this work.

RA for CR networks with cooperative relay has attracted
much attention and been studied in various perspectives
[15-20]. In [15], a centralised heuristic algorithm is
proposed to address the RA problem, as well as a new
medium access control protocol implemented in a universal
software radio peripheral-based test bed. A certain
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protection range for each PU is required to avoid excessive
interference from the SUs. However, it is difficult to decide
an accurate range in practical wireless environment because
of fast-changing fading. Furthermore, it potentially
decreases the spectrum efficiency. In [16], the author
investigates the multi-relay cognitive transmission. A
selective fusion spectrum sensing and the best relay data
transmission scheme is proposed. However, the interference
generated by the SUs which can deteriorate the performance
of the PUs is not mentioned. A three-node CR network is
developed in [17], where relay channels are divided into
three categories, followed by RA approaches. However, the
interference to the licensed system is ignored in the
considered system model. Both power limitation and
interference constraint are taken into consideration in [18],
where only peak or average interference power limitations
are investigated for a CR network with relays. In [19], the
interference caused by each subchannel in the CR system is
considered. However, it is difficult to measure the required
parameters in practical wireless systems. The capacity of a
CR system employing relays is studied in [21], where the
sum capacity is maximised while the total transmission
power is kept within a budget and the interference
introduced to the PU is kept within a prescribed threshold.
The optimisation problem is a mixed-integer problem which
is non-polynomial (NP)-hard, and three suboptimal
schemesare proposed to address the formulated problem. In
[22], an alternating optimisation method is proposed to
solve an optimisation task, which tries to maximise the
system capacity. In [23], a general case is considered
where the relay can change the subcarrier index of a
two-hop system.

In this paper, we investigate the power allocation problem
in a CR network with cooperative relays. We aim to maximise
the end-to-end capacity of the CR system while satisfying all
necessary requirements or constraints, such as the power
budgets of the CR nodes and interference limitations of the
licensed system. The main contributions of this work are
outlined as follows:

1. New problem formulation: A more general power
optimisation model is established for the relay-assisted CR
networks with amplify-and-forward (AF) protocol. In our
proposed system model, interference constraint is fully
considered, in order to protect the performance of the PUs
from deteriorating. The model can also be extended to other
relay modes, such as decode-and-forward (DF), with few
modifications.

2. Alternating optimisation framework: We solve the
formulated problem by using an alternative optimisation
method, that is, to perform power allocation at the CR
source and relay iteratively, which provides a general
framework to tackle the power allocation problem in
cooperative relay-based CR networks.

3. Fast barrier method with low complexity: By exploiting
the structure of the considered problem, we develop a fast
barrier method for the optimal power allocation at the CR
source and the relay with a low complexity.

The remainder of this paper is organised as follows: In
Section 2, the system model and optimisation problem are
described. In Section 3, we propose our power allocation
scheme in detail. Simulation results are given in Section
4. Conclusion is drawn in Section 5.
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2 System model and problem formulation
2.1 System model

Consider a three-node OFDM-based relay-enhanced CR
network coexisting with a primary system which consists of
L PUs as shown in Fig. 1. The CR system adopts OFDM
modulation and the primary system is unnecessary to use
OFDM. The primary system is a bidirectional cellular
network with dynamic channel allocation and mobile
receivers. A CR source (S) transmits data to a CR
destination (D) with the help of a CR relay (R). The relay
operates in a time-division half-duplex mode using the AF
protocol which can be implemented with low cost [24]. The
transmission from the source to the destination is on a
time-frame basis and each frame consists of two time slots
with the same length. In the first time slot, the source
transmits signals on all subcarriers while the relay and the
destination nodes listen. In the second time slot, the source
remains silent while the relay amplifies the received signals
and forwards them to the destination. The signals
transmitted over a subchannel in the source node are
amplified and forwarded by the relay nodes over the
subcarriers with the same indices in the second time slot.

Throughout this paper, we assume that the perfect
knowledge of the channel state information (CSI) from the
CR source network (SN) to relay network (RN) is available,
as well as the perfect knowledge of the CSI between the
CR RN and destination network (DN). Besides, the perfect
CSI between the CR system and primary system is also
supposed to be known. The former can be approximated by
assuming channel reciprocity, while the latter can be
estimated by listening to a beacon signal and then fed-back
to the CR system. We note that our proposed solution is
theoretical and the results obtained by our proposed
algorithm will serve as an upper bound of the achievable
capacity with channel estimation errors.

The available spectrum is equally divided into N OFDM
subcarriers and the bandwidth of each subcarrier is B. The
occupied spectrum bandwidth of PU [ is B, The
interference imposed on subcarrier n used by the SUs with
unit transmission power can be expressed as

SP _
[l,n -

d, 1 +(1/2)B;
j &) o )

d,;—(1/2)B,

. - <
Destination _ -

-

AY
~LSource
.
~ e -
~ Cognitive radio network i

Fig. 1 Coexistence of a relay-enhanced cognitive network with a
primary network
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Similarly, the interference introduced to the PU / by the CR
relay with unit transmission power on subcarrier # is

d, 1 +(1/2)B;
JRP j
Ln

gl () df )

d,;—(1/2)B;

where gff and gzznp are the channel gain of subchannel n
from the CR source and relay’s transmitters to the receiver
of the PU /, respectively. d,,; is the central spectral distance
between the bands of subcarrier n and PU I. ¢(f) is the
power spectrum density of the OFDM signal, ¢(f)=
T(sinzfTy/nfT,)*, where T is the OFDM symbol duration.
The channel gains of subcarrier n between the CR source
and relay are denoted as hgg, and hgp,, respectively.
0% and o7, are assumed to be the variance of additive
white Gaussian noise (AWGN) at the CR relay and
destination, respectively. Moreover, we denote the
interference caused by PU / to the CR relay and destination
on the subcarrier n as Ipg , and Ipp, respectively, which
can be measured by the CR network. The CR source sends
data to the relay with power pg, on subcarrier # in the first
hop, and the relay amplifies the received signals with power

2 2 2 2
pR,n = anpS,nhSR,n + @, 0r + anIPR,n

on subchannel n in the second hop, where ¢, is the
amplification factor on subchannel n. Thus, we can rewrite
the a,, into

o pR,n
" pS,nhSR,n + 0%2 + I’PR,n

€

Throughout this paper, we assume the destination receives the
signals without diversity; that is, at the end of each
transmission frame, the destination processes the signals
without  combination.  Consequently, the received
signal-to-noise ratio (SNR) on subchannel n at the CR
destination is [25]

2
I — pS,nhRD,nanhSR,n
" 0p +Ipp, + (0% + Ipg )2 hgp,
PSnVYSRAPRnYRD

B 1+ pS,n ’YS'RJI + pR,n ’YRD,VI

“4)

where

Y — hSR,n and y — h’RD,n
ST 0-%2 + IPR,n [ 0% + IPD,n

The transmission rate from source to destination on
subchannel # can be calculated as

1
R, =>log(1+T,)

== 10g<1 + DPSnYSRnPR.AYRD 2 ) 5)
2 1+ ps,Ysran + PRAYRDA

The factor 1/2 accounts for the two time slots in each
transmission frame. Note that R, in (5) is not jointly convex
with pg, and p , and the optimal solution of the resulting
optimisation problem 1is difficult to obtain from the
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viewpoint of mathematical programming. To make the
problem tractable, we adopt the following approximation

1
R, ~~log <1 + PSnYSRAPR 1 YRD 1 ) ©6)
2 PSnYsrn + PRnYRDn

where I', is approximated by the harmonic mean of
DPsn and pp . Such an approximation is reasonable as
discussed in [26].

2.2 Problem formulation

Our objective is to maximise the total end-to-end transmission
throughput of the CR system, that is, ZnN=1 R,, while keeping
the following constraints satisfied

N
Source power constraint: Z Psn < Ps
n=1
7
’ )
Relay power constraint: Z Pra < Pr

n=1

where Pg and Py are the maximum transmission powers for
source and relay, respectively.

The interference happens as the primary system coexists
with the CR system, and should be kept below a predefined
threshold. So, the transmission power from the source to the
relay in the first hop and from the relay to the destination
must satisfy the following constraints

N
In the first hop: Z ps,,,llif <Ir,

n=1

N ®)
In the second hop: Z PR IZ%P <Ir,

n=1

where I is the interference threshold of the PU [, /=1, 2, ...,
L. Then the optimisation problem can be formulated as
follows

N
1
max Z “log (1 " DPSnYSRAPR A YRD 2 >
PSnPR.n =1 2 pS,I‘I ySR,n + pR’n yRD,n

N
s.t. C1: Zp’s’n < PS

n=1

N
Gy ) pra<Pr
nz:l: ’ )

N

Cy: Y psaliy <Ir, 1=12,...,L
n=1
N

Co Y Pl <lry, 1=12,...,L

n=1

Cs:psn>0,pp, >0, n=12,...,N

3 Our proposed algorithm

Note that the objective function of (9) is concave and there are
coupling variables, pg, and px . We can divide it into two
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equivalently subproblems with a primary decomposition
method [27]

1
SP1: maxilog

PSn

(1 i PSnYSRaPR1YRDn >
PspYsrn t PRAYRDA

N
S~t-C1:ZP5,n < Pg

n=1 (10)
N

Co: Y psuliy <Irp 1=12,...,L

Cyips, =0, n=12,...,N

and

SP2: max%log

PR

(1 i PSnYSRaPRYRD 2 >
PspYsra T PRAYRDA

N
s.t.Cy: an’n <Py

i (11)
N

Co Y prally <lpp 1=1,2,...,L
n=1

C3:pR,nZO’ n:1, 2, . ,N

In the first subproblem, SP1, we focus on finding the optimal
values of pg,, which is a function of PR termed as the
primal function of Prn [27]. Whereas in the second
subproblem, SP2, the optimal value of DR 18 to be achieved.

3.1 Fast barrier method for power allocation

In this subsection, we try to find the optimal solution of the
subproblems mentioned above. We start from SPI. It is
easy to prove that SP1 defines a convex optimisation
problem with N variables and N+L+1 constraints.
Generally, the optimal solution to the problem can be
obtained with barrier method [28], which is a standard
convex optimisation technique and typically has a
complexity of O(N?). However, by exploiting the structure
of the problem, we can reduce the complexity to O(L*N).
Let us_denote a vector peR" and p= (Ps.1s Psas
s Ps, v)'. We can write the barrier function as [28]

N N
d(p) = — Y log(ps,) — log (Ps - Zps,,,)
n=1

n=1
L N
SP
- Zlog ([T,l - ZPS,nIl,n )
=1 n=1

The optimal solution to (10) can be approximated by solving
a sequence of unconstrained minimisation problems which
have the following form

(12)

min ¢,(p) = —1f (p) + $(p) (13)

where

N
fp) = Z;log<1 +
n=1

PsnYSRAPRAYRD )
pS,n yS'R,n + pR,n yRD,n
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The barrier parameter 7 is positive and decides the accurac 3/
the approx1mat10n The solution to (13) is denoted as p™ (¢),
Wthh is also referred as a central point. As ¢ increases,
P *(f) becomes a more accurate approximation to the
optimal solution of SP1. The details of barrier method are
given in Fig. 2.

Note that when we solve the unconstrained minimisation
problem in (13) for each given value of ¢ during the
procedure of barrier method, Newton method is employed
to compute the central point p (t) The computational load
of Newton method mainly lies on the computation of
Newton step Ap at p, that is, we have to solve the equation

V2 (p)Ap = —(p) (14)

where sz,b,(p) is the Hessian and V,(p) is the gradient of
d/,(p) respectively. Generally, obtaining A, 4 by using matrix
inversion to solve (14) has a cost of O(N”). We now show
how to reduce the complexity to O(L>N) by exploiting the
structure of the problem.

The gradient of i,(p) is given by

Wp) _ YsraMz
op, (M + My)(Ms + My, + MsMy)
1 1 Loy
-—+ + : (15)
Psn Ps— Py =1 [l_lé

N
Wher‘j Mg ZNPs,n 757%%, My =pryYrop Ps = o1 P S
and [E = Zn:l PS,nIl,n

I: Give strictly feasible p, f, o >1 and tolerance €,:
2 while (N+L+1)/t> €, /* Barrier method loop * /
3:  Givetolerance €,, a €(0,1/2), ye(0,1);

4:  while (true)

/* Newton method loop * |

5 Calculate Ap and A’ = - (P)Ap :

6: A I2<e,
T break.

8 endif

9: Set o :=1;

10: while i (p+oAp) =i (p)—ao A Backiracking line search
11: a =Y,

12: endwhile

13: pi=ptoip.

14:  endwhile

15: t=put.

16: endwhile

Fig. 2 Procedure of barrier method
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The Hessian of ¢,(p) is given by

L
V() =H+> gg (16)
=0
where
)‘1
/\2
H, = and
)‘N
M2 M3 + 2(Mg + My, + MM 1
A :thR,n rIMz +2(Mg R s R)]+_’Vn

n

2 2
[(Mg + Mg + MgMp)(Mg + My)] Psn

g;s are vectors of length V.

1 1 1 T
S0=\p. P Po—pPy U Pe—P
S 3 S > S 3,

1 SP SP SsP\T
and g, = HOU , 1172 e, II,N>

Define H,=H+ Y gg', i=0, 1, ..., L. We have the
following theoremg=0

Theorem 1: All H;s are positive-definite.

Proof: H is diagonal and 1,>0, so H is positive-definite.
Since for any i, we have gl-giT > 0, then H; is positive-definite.
It follows that the Hessian is invertible. Since the Hessian can
be treated as the sum of a diagonal matrix and L + 1 number of
rank-one matrices, we can exploit this special structure to
calculate the Newton step Ap with much lower complexity.

Theorem 2: Equation (14) can be solved with a complexity
of O(L*N).

The proofis placed in Appendix 1. Recall that L is the number
of active PUs; and generally, L < N in CR systems, so the
complexity of our proposed algorithm is almost linearly
related to M.

3.2 Alternating optimisation framework

Recall that we have to solve optimisation problem (9) jointly
over two variables, that is, pg, and pr,. An alternating
optimisation scheme can be applied to solve this problem
due to its effectiveness and simplicity [29].

Denote ps = ®s.1 ce 3P$,N) aqd Pr = Pr1> - PRN)-
We can rewrite the objective function in (9) as follows

max f(ps, pr) (17)
PSPR

where

N
1 PSnYSRaPR.nYRDn
fps, pr) = 10g<1+ 1 PSR TR 1 TRD,
n2=1: 2 pS,n ySR,n +p’R,n ‘YR’D,n

Generally, maximising over both sets of variables
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Y

Initialisation
1. Get the information of channel state;
2. Set P,, = P/N, n=1,2,...N.

Y

Power allocation at source

(Fast barrier method)

A 4

Power allocation at relay
(Fast barrier method)

Convergent
Yes

End

Fig. 3 Flowchart of the algorithm

simultaneously is not straightforward. However, minimising
with respect to one variable while keeping the other one
fixed is often easy and is sometimes possible analytically.
In such a situation, the alternating optimisation algorithm
described in Fig. 3 is well suited: start with an arbitrary

feasible point p%; for k> 1, iteratively compute

P =arg max/ (s P!
(18)

PR = arg max f v, pr)
R

In other words, instead of solving the original optimisation
problem over two variables, the alternating optimisation
algorithm solves a sequence of optimisation problems over
only one variable. The convergence of the algorithm can be
proved. As (9) is concave maximisation problem, there
exists a globally optimal point, which is denoted as f*, then
we have the following theorem.

Theorem 3: lim,__ o (%, plo) = f*.

Proof: Let us denote f° k= f (plfg, p%), from (21), we have
Sz s Y =5 L PR D=/ 19)

for k> 1. Since the sequence f* is non-decreasing, it must
converge, that is, f© — f*, because fis bounded from above.
It follows that the algorithm converges, and we can take the
value at the last iteration as the solution to the original
problem.
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Table 1 Number of iterations for convergence
number of subcarriers 16 32 64 128 256
maximal number of iteration 9 11 14 15 15

average number of iteration 29 35 4.4 5.3 6.2

$ U Eillelte TStLAEN 3okl phrat
. - ’o - . 8- =
0.995- . g b
R -
0_98<;1.’ .’U' 4
’

2 0.97 : ; 1
g 5
a 0.96 ’ 1
(&) s
E 0.95¢ . ’ g
= /
£ 0.940 _
E
]
Z 0.93 1

0.2 - —0- N=32 ||

~0-N=64
0.91; :
0'9 A L A A
1 2 3 4 5

Number of Iterations

Fig. 4 Number of iterations for alternating optimisation

4 Simulations and discussions

Experiments are performed to evaluate the performance of
our proposed method. Consider a CR system where the CR
nodes and PUs are uniformly distributed within a 1km
circle area. The frequency-selective fading channel model is
assumed with the path loss exponent set to 4. The variance
of logarithmic normal shadow fading is 10 dB and the
amplitude of multipath fading is Rayleigh. In the following
simulations, the noise power is set to 10™'° W.

First, we investigate the convergence performance of the
alternating optimisation method. For all considered
scenarios, the algorithm will reach the convergence with
less than 15 iterations over 1000 simulations as shown in
Table 1. We also depict the normalised capacity against the
iteration number of the alternating algorithm in Fig. 4,

120 T T
©  Standard Barrier Method
Our proposal
100 —+— OPA wlo relaying @

=]
=]

60

40+

Sum Transmission Rate (bit/symbol)

107 10" 10° 10'
Transmit Power Limit for CR Source(W)

Fig. 5 System throughput against transmission power limit of CR
source
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200 T T

Sum Transmission Rate (bit/'symbol)

107 107 10" 10° 10'
Transmit Power Limit for CR Source(W)

Fig. 6 System throughput against transmission power limit of CR
source in cases of different number of PUs

where the normalised capacity represents the percentage
between the achieved capacity in each iteration and the
optimal solution (also referred to the maximum capacity).
From Fig. 4, we can see that the method converges very
fast and achieves over 98% of the maximum capacity by
only three iterations. It means that the alternating
optimisation method can reach the convergence quickly.

Next, the performance of our proposed power allocation
scheme is illustrated in Figs. 5-8. For comparison, the
performance of other two schemes is analysed:

1. Optimal power allocation without relay (OPA w/o relay):
The help of relay is not considered and optimal power
allocation on the direct link between source and destination
is worked out by CVX [30].

2. Standard barrier method: The optimisation problem is
solved by standard barrier method and optimal solution is
obtained.

45

© Standard barrier method
| Our proposal

£y
=]

(%]
v
T

v
|
a

[
w
T

15}

Sum Tansmission Rate(bit/'symbol)

10

0 1

107 107 10" 10 10
Transmit Power Limit for CR Relay(W)

Fig. 7 System throughput against transmission power limit of CR
relay
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©  Standard barrier method | p
3r Our proposal |
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=
3 25+
2
e
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2
[
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£ 1.5}
w
c
£
£ 1 +
=1
7]
0.5F
0—14 -13 I—12 -11
10 10 10 10

Interference threshold(W)

Fig. 8 System throughput against interference threshold of PUs

Note that all the schemes mentioned above consider the
interference constraints. Fig. 5 shows the system throughput
against the overall transmission power at the CR source. In
our simulation, the transmission power limit for the CR
relay is Pp =1 W, and the number of PUs is two. From
Fig. 5, we can see that our proposed scheme performs
much better than OPA w/o relay. The reason is that
cooperative relay can exploit spatial diversity of subcarriers.
Obviously, the result of our proposed scheme is very close
to the optimal solution.

Fig. 6 shows the system throughput against the overall
transmission power at the CR source in cases of different
number of PUs. In our simulation, the transmission power
limit for the relay is Pp = 1 W. The interference threshold
for the primary system is 5 x 1072 W. From the figure, we
can see that for low CR source power level, the CR system
is power-limited and the throughput increases with Pg.
When Pg > 1 W, the system becomes interference-limited
and the system throughput increases very little with Pg.
Furthermore, the system throughput decreases as the
number of PUs increases, because the interference
constraints are more strict.

Fig. 7 shows the throughput against the transmission power
limit of the CR relay. The maximum power of the CR source

K b
@
T
w10
] F
£ |
10 -
I —&— Standard barrier method
[ —&— Qur proposal
b
10" L 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000

Number of Subcarriers

Fig. 9 Execution time against number of subcarriers
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40 T
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201_._.. 4

Number of Newton Iterations

1ok . 08 .- |

St o - N=32 O N=128
+  N=64 N=256

0 20 40 60 80 100
Random Instance

Fig. 10 Distribution of Newton iterations

is fixed at 1 W and the interference threshold is set to be 5 x
107" W. From Fig. 5, we can see that the throughput
increases as the transmission power of the relay increases,
because the increasing of the transmission power at the
relay node can improve the received SNR at the destination
node. Obviously, as the number of subcarriers increases,
the system throughput become higher for the subcarrier
diversity.

Fig. 8 shows the throughput as a function of the
interference threshold of the PUs. The transmission power
of the CR source and relay is 1 W. It can be seen that the
throughput increases as the interference threshold of PUs
increases, because larger interference thresholds lead to
larger transformation power of the CR system. Obviously,
our proposed method is better than OPA w/o relay and the
solution is quite close to the optimal one.

Fig. 9 shows the program execution time as a function of
number of subcarriers. The elapsed time is counted by the
inbuilt function tic-toc in MATLAB. Obviously, the time
complexity of our scheme is much lower than the standard
convex optimisation method when the number of
subcarriers is relatively large as discussed in Section 3.

Finally, we investigate the convergence of the fast barrier
method. Recall that the computational load of the fast power

08f

0.7F

0.6

0.4

03F

0.2F

Cumulative Distribution Function
o
[

0.1

L 1

0 5 10 15 20 25 30 35 40 45
Number of Newton lterations

Fig. 11 CDF of number of Newton iterations
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allocation mainly caused by Newton iterations. Fig. 10
shows the total number of Newton iterations required for a
guaranteed duality gap of less than 107> for 100 channel
realisations. Fig. 11 shows the cumulative distribution
function (CDF) curve as the number of Newton iterations
for convergence. For all cases, the number of Newton
iterations is less than 30 in about 90% of the instances and
varies in a narrow range, which means the fast barrier
method is effective and efficient.

5 Conclusions

In this paper, we proposed an optimisation framework for
cooperative CR network with cooperative relays, where the
interference constraints and power limitations are fully
considered. The formulated optimisation task falls into a
convex problem with coupling variables. We developed a
fast barrier method and an alternating optimisation
algorithm to work out the optimal solution quickly.
Simulation results demonstrate that our proposed scheme
achieves better performance in different radio environments.
Our system model is general and can be extended to other
CR networks with relays intuitively. Furthermore, the
alternating optimisation framework also throws some light
on tackling the power allocation problem in CR network
with cooperative relays.
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8 Appendix 1
8.1 Appendix: Proof of Theorem 2

Rewrite (14) as

HLApt ==V, (p) (20)

Step 1:Since H, = H, , + g,g; and Hys are positive defined,
in particular, we have the following lemma

T, 1
81X 1
Ap, =x} — o Tt +1g1%x§ X @1

where the intermediate variables x%, x; € R" are the solutions
of the following two sets of linear equations

HLflx} ==V (p)

1 (22)
H_x,=g
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As mentioned above, we can obtain Ap, if x] and x} have
been worked out.
Step 2: Similarly, x% and xé can be calculated by solving the
following three sets of linear equations

HL—2x% ==V (p)
H =g (23)
HL—2X3 =811

where x% , x%, x% € R" are another intermediate variables.
Consequently, we may conclude that at Step /, 1 </ <L,
there are / intermediate variables which can be obtained
from the intermediate variables calculated at Step [+ 1.
Continue this process to Step L+1, L+1 variables are
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doi: 10.1049/iet-com.2013.0379

www.ietdl.org

obtained by solving L + 2 sets of linear equations

Hey™ = Vi (p)

et — g
(24)

H: L+2 = 8o

Since H is diagonal, each set of equations in (22) can be solved
at a cost of O(NV). Then the computation cost of solving (22) is
O(LN). Substituting these variables back to calculate all xl 1=
1,2, ..., L+1 with O(LN) complexity. Carry out the iteration
process mverselly We can, calculate all the intermediate
variables x)™!', 77!, ..., /™! with a cost of at most O(LN)
until Ap, is Worked out The total cost is O(L*N).
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