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Abstract— We consider a downlink OFDMA-based cellular
cognitive radio network (CRN) coexisted with primary radio
networks (PRNs). The goal is joint scheduling and power allocation
among CRN users to maximize the sum-throughput of the CRN
satisfying the interference constraints on the PRN. To this aim, first
we propose cognitive single cell multiple access channel (CSC-
MAC) algorithm to find search area faster, where the goal is to find a
simple, fast and stable method to calculate optimal dual variables in
resource allocation for each individual user. Then, utilizing these
values, we propose cognitive two cell iterative spectrum balancing
(CTC-I1SB) algorithm, where by considering interfering effects
caused by adjacent cells as well as interference constraints on the
primary network, the power and scheduling are allocated among the
CRN users so that the sum-throughput of the CRN network is
maximized. The proposed algorithm achieves near-optimal
performance in practical applications. The proposed method is
compared with other algorithms and simulation results are provided
to assess its performance. Numerical results show that the proposed
algorithm outperforms traditional algorithm in terms of sum-
throughput maximization of the total network.

Keywords—Resource allocation, cellular cognitive radio
network, orthogonal frequency division multiple access (OFDMA),
non-convex optimization

. INTRODUCTION

Traditional spectrum regulation assigns users to prescribed
frequency bands, thus limiting the potential users to
dynamically access allocated radio spectrum. This policy,
together with the rapid deployment of various wireless
services, leads to increasing scarcity in the radio spectrum. On
the other hand, many available spectrum resources are not
efficiently used [1]. The cognitive radio (CR) technique has
been proposed as a promising solution [2], [3], that enables
unlicensed users to access these spectrums temporarily and
thus to improve overall spectrum efficiency under acceptable
interference to the licensed users [2]-[7]. However, such
spectrum access by secondary users (SUs) needs to avoid
detrimental interference to the primary users (PUs). To
flexibly implement spectral sharing between Pus and SUs and
maximize the overall throughput of SUs, a dynamic spectrum
allocation (DSA) design is required. Orthogonal frequency
division multiple access (OFDMA) is a strong candidate for
an efficient design in cellular cognitive radio networks.
Various DSA methods were proposed for the optimization of
CRN associated with primary radio network (PRN) [8]-[14].
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Many past results on OFDMA-based DSA methods
assumed the single cell scheme for CRNs [10]-[14]. In [11],
several uplink scheduling algorithms which can reduce the
SU-to-PU interference were proposed. In [13], a single cell
collocated PRN/CRN downlink model was proposed and the
weighted sum-rate (WSR) maximization of all PUs and SUs
was studied using proportional fair scheduling (PFS) and
sequential quadratic programming algorithm. In [14], both
centralized and distributed algorithms were designed and the
WSR for several SU links was optimized using the Lagrange
duality optimization.

A heuristic interference minimization scheme with an
innovative channel allocation method is proposed in [15]
while minimizing the overall interference to the PUs. The
authors in [16] investigated a joint power allocation and
channel assignment scheme utilizing the heuristic method in
[15] to minimize the aggregate interference from multiple
femtocells to PUs while satisfying the constraints on
throughput of each femtocell.

Outage probability has been widely studied for different
CR scenarios [17]-[20]. For instance, the authors in [19],
studied the outage probability performance of a multi-hop
decode-and-forward (DF) spectrum sharing network with
multiple antenna at the SUs. The authors in [21], studied the
outage performance, bit error rate, and capacity performance
for a multi-hop spectrum sharing network. The power
constraint on the secondary transmit nodes as well as primary
network interference constraint were ignored. The authors in
[22] investigated the asymptotic outage and error performance
in a dual-hop single antenna CR network. In this work, the
effect of PUs and co-channel interferences were considered,
but the effect of additive white Gaussian noise (AWGN) was
ignored.

Most of the previous contributions focused on the outage
performance only, and other performance metrics such as the
ergodic capacity has not been studied thoroughly.
Furthermore, despite the above contributions, the CRN
optimization taking into account inter-cell interference
management and the power spectral mask (PSM) constraints
for multi-cell system has not been well studied. In multi-cell
case, the inter-cell interference makes the problem more
complex and solution of the problem cannot be obtained by
ordinary methods. Furthermore, due to the inter-cell
interference, the throughput of each cell not only depends on
the power and subcarrier allocation of its own, but also
depends on resource allocation in adjacent cells. In this type
of problem, the resources should be managed to achieve the
considering objective function and it needs to avoid causing
detrimental interference to the PUs. Furthermore, respect to
the users of adjacent cells, it is necessary to manage multi-cell
interference. This type of optimization has a nonconvex
structure and computing its globally solution may not be
feasible in practice. The objective of this paper is to propose
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iterative algorithms to efficiently obtain near-optimal
solution. Thus, in this paper, we propose low-complexity
algorithms that use simplified and practical assumptions to
make the problem easier. The following two iterative
suboptimal algorithms are proposed to solve the problem.

1) Cognitive Single Cell Multiple Access Channel (CSC-
MAC): To find the search area faster, the CSC-MAC
algorithm was proposed. In this method, it is assumed that
subcarrier allocation is performed for each user and the power
allocation is done and primary values for the dual variables in
each cell are obtained. By obtaining these amounts, the search
interval becomes more limited and as a result, the algorithm
will converge to optimal values faster.

2) Cognitive two cells iterative spectrum balancing (CTC-
ISB): By obtaining the search area, we proposed a second
algorithm in which the purpose is to maximizing the network
sum-throughput using the Lagrange dual optimization
method. In this method, water-filling algorithm is performed
for users in each cell according to the effects caused by the
users in adjacent cell, and power allocation and subcarrier
scheduling are performed. Then, the dual variables are
updated using ellipsoid method is done and this process is
repeated until the algorithm converges to optimal values.
Such an implementation is quite attractive in practical systems
since it reduces computational complexity. To compare the
performance with other algorithms, we provide the
performance of a single cell power allocation algorithm,
which by considering interference limitation on primary
network and disregarding interference caused by the users in
adjacent cell, the sub-carrier is assigned to the user who has
the better signal-to-interference ratio (SIR) on the considered
sub-carrier. Also, we study the performance of equal power
allocation algorithm, which by regarding interference
constraint on primary network, power is allocated equally
among users in each sub-carrier and also sub-carrier is
allocated to the user that has better SIR. Simulation results
show that the proposed algorithms have a higher capacity than
the single cell power allocation and equal power allocation
algorithm and also these algorithms provide large
performance advantages than the two previous schemes.
Moreover, the proposed duality schemes enjoy fast
convergence and low complexity.

The remainder of this paper is organized as follows.
Section Il describes the system model. In Section Ill, the C-
SC-MAC and CTC-ISB algorithms are presented. Section 1V,
provides numerical results. Concluding remarks are given in
Section V.

Il. SYSTEM MODEL

Consider the system model in Fig. 1. Each PRN cell has
one BS and multiple PUs, while each CRN cell has one BS
and multiple SUs collocated with a PRN cell. Users and base
stations are equipped with one receive and one transmit
antenna, respectively. Each user is connected to only one base
station that is selected based on long-term channel state
information (CSI).

We denote the nonempty set of SU indices in cell m

by B, indicating k € B,, when SU k is located in CRN cell m.

Let us consider a cluster of M=2 coordinated base station in
an OFDMA cellular CRN that employs N subcarriers. In each
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CRN cell, the k,, SUs communicate with BS m, and compete
for a set of N, available frequency bands.

We consider a downlink OFDMA-based cellular cognitive
radio network. In this case, users belonging to different
sectors of the same cell are spatially orthogonal. Therefore, it
is reasonable to assume that a user is only subject to
interference from the nearest interfering base stations of CRN
and PRN networks. In order to simplify, we focus on two
cells, say cell A and B as shown in Fig.1. We denote the

number of users in cell A and B by K”and K® respectively.
The radius of each cell is denoted by D. For each user

ke {1,2,...,KA} of cell A, the signal received by k at the nth
subcarrier and at the mth OFDM block is given by

o [m]=HA [m]x x2 [m]+ HA [m]x D" x% [m]

1=k®

A
k,n

1)
+2z) [m]

where H,fn [m] = Lﬁ x gf’n is the complex channel response
between user k in cell A and base station A at the subcarrier n
and the OFDM block m including pass loss component LAk

and Rayleigh fading g@n . The KnB denotes the user assigned

to subcarrier n in cell B. The xﬁn(m) is the complex symbol

transmitted by base station A to user k on the subcarrier n.

ﬁfn [m]x ZX,E;] [m]represent inter-cell interference which
I=K2

coefficient ﬁﬁn[m] is channel response at the subcarrier n

and the OFDM block m between user k in cell A and base

station B and x>, [m] is the complex symbol transmitted by

base station B to user k on the subcarrier n. Finally z{,[m] is
an additive white Gaussian noise with zero mean and variance

82 = NO% which N, is power spectral density of thermal

noise and B is total bandwidth of the system.
Assume that each subcarrier is assigned to one user in
each cell, thus the link capacity of user k in subcarrier n is

A A
Ok,n-Pk,n

No +1p +Tk,n Prin

@

which gﬁn and pkAyn demonstrate the gain and power of user

in subcarrier n in cell A respectively. The gg, and pp,
indicate the gain and power of user in subcarrier n in cell B
respectively. I, is interference caused by base stations of
primary networks.

Hence, sum-throughput maximization problem in two
adjacent cells is defined as follows. Ps* and P are the total
power constraint at base station A and B respectively. The first
and second constraints indicate that sum power of users in all

subcarriers should not exceed than the total power of base
station in each cell.
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C(Pknlpln)— Mmax, Z > Ckn"'z > CIn

pkn pln k=1 neN}! I<L neN?
N NP
subject 10:Y ) ¥ picn <P, TEY pfh<hE )
nENk r.|€N|

pk,n, pl,n >0 forall k,n,l
pin <Titvk,pB <8 vl

The third and fourth ensure nonnegative powers in
subcarriers in each cell and constraints 5 and 6 ensure that
power control is performed in each cell such that interference
does not exceed a certain threshold in PUs system. Therefore,
in this way, detrimental interference to the PUs could be
avoided.

Due to that the problem (3) is a nonconvex combinatorial
optimization, computing its globally optimal solution may not
be feasible in practice. Thus, the objective of this paper is to
propose iterative algorithms to efficiently obtain near-optimal
solutions to the aforementioned problem (3).

I1l. TWO-CELLS RESOURCE ALLOCATION

In this section, we present two iterative strategies for joint
scheduling and power allocation given that the complete CSI
is available. The first algorithm which is referred to cognitive
single cell multiple access channel (CSC-MAC) is monotonic
and provably converges. The second algorithm which is based
on dual decomposition can yield near-optimal value of (3) and
in fact, the optimal value is obtained when N — co.

A. Cognitive Single Cell Multiple Access Channel

In this section, the aim is to allocate power assuming that
power allocation does not depend on the power allocation in
adjacent cell while satisfying the associated constraints in
each cell. Thus, to maximize the sum-throughput of two cells
problem (4) is constituted as follows.

max Z > Ckn(pkn)"‘z > CIn(pln)

P PEn| k=1 neNA I=1 nenp

K™ NS B B
subject to: > ¥ pea <P Y Y ph<RP (4)

k=1 neNp I=1 neNp
pkAnanBnZOVk'I!n
pk S<if pﬁn <iB vk In
9icn-Pic
where ClL(pi) = log,| 1+ =k Tkn and
' ' N0+|p
B B
91n-Prn
C lo .
In(PI ) 92[ N0+|P\]

Using standard optimization techniques in [23], we obtain
the Lagrange function and by differentiating it regarding to

Pkn and pp, the following results are obtained.
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_ N _
Fad Sif<pf
" A (5)
plf\n: +
, No+1lp| ol N-
min 1A - OZ Pl TAL STAS A
Ln(2) Asin gle 9k,n n=1
_ N _
|BY Z|B< B
N n n:1n PI' (6)
pIBn = Ne + 1 N
' . 1 + _ N _
min - IV e
Ln(2) Asin gle 9k,n n=1
The optimal values of X s,ng,e and xs,ng,e are chosen to

fulfill the total power constraint in each cell. By considering
the power allocation formula in (5) and (6), we perform water
filling algorithm in each cell. Then, we can use an
optimization algorithm based on bisection method to obtain

the optimal value of A5, and A%qp. In fact, we will use

the optimal value of A5,y and A% to restrict the search

area and decrease the time to obtain the optimal values for
power allocation. The algorithm ensures that this values will
converge to the optimal values. As a result, fast and stable
convergence is achieved. The optimal power allocation
algorithm in cell A is derived in the following. The power
allocation in cell B is conducted in the same manner.

After that, the scheduling is performed which in order to
maximize throughput of a single cell for any given feasible
power allocation, the solution to

max C/, (P¢) %
n’}§x CI‘?n ( pl?n) (8)
is achieved at
A gk n pk n A LA
k, =argmax{log,(1+—"—")-2"p..} ©)
kek A 0 p
9P
1 =arg max{logz(1+ =) 2P} (10)
lek B 0 p

Algorithm 1: Associated Bisection Search Cognitive Single
Cell Multiple Access Channel (CSC-MAC) Power AIIocation
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1: Initialize kK e{L,2,...,K},ne{L2,...,N} 4, =
Ay =N, 0 >>1
2: repeat
A + 4
3: Update lﬁmgle H;
4: repeat
5:  for each sub-carrier n=1to N do
6: Calculate Pk/f: via (5);
7:  Set krf and Pk/fn according to (9) and (5) respectively;
8: Fork, =k set B/, =R/ and k' =1;
9: end for
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KA NE
10: Update 4 ;, = ﬂgngle if ZZ RS, > P else
k=1 n=1
A .
ﬂ’max = ﬂ’sin gle
KA NG
11: Until required accuracy z Pk/fn ~-Ph<e
k=1 n=1

In Algorithm 1, € >0 defines the error tolerance in the
computed optimal water level. The algorithm converges if the
total power constraint in each cell and interference constraints
of users assigned to subcarrier are satisfied.

B. Cognitive Two Cells Iterative Spectrum Balancing
(CTC- ISB)

In this section, we propose a solution for (3) based on the
results obtained in [25]-[27]. The purpose is to provide a
solution for the problem (3) in the dual domain. Assume that
there are two interfering cells thus it is aimed to perform joint
scheduling and power allocation for users located in the cells.
Via utilizing (3), the Lagrange and the Lagrange dual function
are obtained, then by differentiating the Lagrange function

relative to pf, and pp, we obtain the following results.

1 _N0+IP+gkA,nplE,in

A A (11)
pk,n“ mm{( Ln(z)ﬂA glén ) n }
pB* — min{( 1 No+1p + gll,;n plﬁn) 19! (12)
" Ln(2)2° o

which x* = max(0,x) . Since the powers pf, and pZ, must
be optimal for the user selectionk and I, it is obvious that

the powers pﬁ; and pf’; must satisfy the necessary Karush-

Kuhn-Tucker (KKT) optimality conditions.
To solve (3), notice that for any given feasible power
allocation, the solution to

max ClR%, RE) &
n-'n
is achieved at
A A

K18 = arg max | log,| 1+ ——knPln__

kek A No+1p +TknPrn

IeKB

B B
+log,| 1+ g"n'p_l’g A (14)
No+1p +8nPkn

A_A ,B.B A A B B
= A" Picn —4 -pl,n_Qk,n-pk,n_Ql,n-pl,n}

On the other hand, for any given user selection k e K*

and 1eK®B the corresponding optimal set of powers must
satisfy the Karush-Kuhn-Tucker (KKT) conditions [23], [24].
Thus, the powers are allocated to the users that maximize (4).
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The aim of dual optimization is to calculate the values of

2™ and 2B in a way that the best bound could be calculated
as shown in the following.

A2, 2B = min {g(/IA,/IB)} (15)

AR A8
where g(A) is the Lagrange dual function.
By considering that, the resource allocation in one cell
depends on the resource allocation in adjacent cells, so A*

and 2Bshould be updated jointly. One of the best choices for
updating dual multivariable problem is ellipsoid method.
Since g() is a convex function, the mentioned dual problem
can be solved by using the ellipsoid method. It is necessary to
point out that even g(A)is convex, however it may not be

differentiable and does not have gradient. Thus, a search
method based on sub-gradient approach [27] is performed as
follows.

d(2*®)=P"* -3 > e

k=1 n=1

d(2®)=P° -2 > Py

I=1 n=1

(16)

where (A" (t), 2% (t)) denotes the dual variables at iteration t.

The pf’n and p,E?n in the given sub-gradient at iteration t can
all be obtained by (11) and (12) with a specific

(A2 (t), 22 (1)) . The details of the ellipsoid method, e.g., the

updating of ellipsoid and dual vector, the stopping criterion,
etc., can all be founded in [28].

Algorithm 2:Associated Ellipsoid Search Cognitive Two-
Cell Iterative Spectrum Balancing (CTC-1SB) Power
Allocation

158

1: Initialize A*(0), A°(0), and an initial ellipsoid A(0);
2: repeat

3: While y/d! Ad, > & do

4:  for each sub-carriern =1to N do

5. Calculate P” and PIB* via (11) and (12);

6

k.l nlk
A B
Set k', I,

p'ﬁn“ , and pl'?n‘k according to (14), (11),
and (12) respectively;
7 For kKM =k, set plﬁn“ = pf;“ and k*=1;
8:  For If zlf*,
9: end for
10: Update dual variables A and ellipsoid A by the ellipsoid
method with sub-gradient in (16);

11: Until converge to the dual optimum A% and A%

B _ B B _1.
set Py = Py and I, =1,

IV. SIMULATION RESULTS

In this section we study the performance of the proposed
algorithms.
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A

In the simulation, each cell has a radius D=500m and
contains the same number of users k=I=30. The distance
between users and base stations is considered as a random
variable which distributed uniformly on the interval [50, D].
The variance of noise in each subcarrier is set to -105 dBm.
Total power of each base station is Py = 20 watts.

The joint resource allocation problem for cell A and cell B
is solved for a large number of random variables containing
users distance, Rayleigh fading and shadowing. The average
results for sum-throughput is depicted. We provide more
details for conducting the numerical results in the following.

Let us define d* and d°® as the vectors containing the
distance of all users in cell A and B respectively. Recall that

vk,I, d and dare random variables with a uniform
distribution on [50, D]. Then, free space loss is modeled by
shadowing effect L@(dkA) :20Iog10(d|f)+40.04+lf and
LP(d) = 2010g,o(df) +40.04 + 1B that 1f and 1P is a real
Gaussian random variable with zero mean and standard
deviation 7 accounting for large-scale Log-normal shadowing.
Los
Due to small scale fading HKA’n =10 20 x gkA’n which gkAm
is a complex Gaussian random variable with zero mean and
variance 1 accounting for Rayleigh fast fading. In the similar
manner H®, H/,, and HP, are obtained. I, is
interference caused by base station of PRN and is set to
-50dBm. 1% and 12 Interference thresholds on the PRN are

considered as a random variables which distributed uniformly

System Description

on the interval Pr 3P . For each realization of d*, 17,
2N 2N

Jenand df, 17, g sum-throughput of two cells based on

power allocation and subcarrier scheduling is performed.

B. Numerical Results

For all algorithms, we consider N=64 and N=256
subcarriers with interference threshold T=0.01 and T=1 on
the primary network. In addition, for comparison two
different algorithms are considered: 1) equal power allocation
algorithm; and 2) single cell power allocation algorithm. In
Fig. 2, the sum-throughput versus the number of users is
depicted. Four network configurations are considered
corresponding to N=64, N=256 and interference constraint on
primary network with T=0.01, T=1. As shown in Fig. 2,
convergence is always observed for all algorithms. For the
CTC-ISB algorithm, the results in Fig. 2 confirm that the
value of the objective function is monotonically increased by
increasing the number of users and confirm the effect of the
multiuser diversity. It is observed that the performance of
proposed algorithms is better than the equal power allocation
and single cell power allocation algorithm. Furthermore, by
increasing interference threshold on primary network from
0.01 to 1, the performance improvement occurs in 2dB and
sum-throughput of system increases from 16dB to 18dB.
Indeed, when interference threshold on PRN increases, the
performance of CRN to efficiently utilize the spectrum of
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PRN is maximized thus, the sum-throughput of CRN is
improved in 2dB.

V. CONCLUDING REMARKS

In this paper, a number of methods have been proposed
for resource allocation in cellular cognitive radio networks
based on OFDMA technique, where for each user, service is
provided via a base station. Two iterative algorithms were
introduced and investigated, namely: 1) CSC-MAC, 2) CTC-
ISB. In all of these approaches, each user announces the
available channel share in each subcarrier and central control
unit collects data and performs required processes on them.

To find the search area faster, the CSC-MAC algorithm
was proposed. In this scheme, primary values for the dual
variables in each cell are obtained. By calculating these
amounts, the search interval becomes more restricted and as a
result, the algorithm will converge to the optimal values
faster. After that, we proposed a second algorithm CTC-ISB
in which the purpose is sum-throughput maximization using
dual optimization method. In this method, waterfilling
algorithm is performed for users in each cell according to the
effects caused by the users in adjacent cell, and power
allocation and subcarrier scheduling are performed. Then, the
dual variables are updated using ellipsoid method, and this
trend is repeated till the algorithm converges to the optimal
values. Simulation results have demonstrated that the
performance of the proposed algorithms outperform two
above mentioned algorithms as well. Furthermore, the
convergence is observed in the proposed algorithms.
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Figure 2: Sum-throughput versus the number of users: CTC-ISB,
with N=64 and N= 256 sub-carriers and interference threshold on
PRN with T=0.01 and T=1. The performance of the proposed
algorithms is compared with equal power allocation algorithm and
single cell power allocation. As shown in the figure, the proposed
algorithms outperform the aforementioned algorithms.
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