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Abstract

We consider a system where a licensed radio spectrum is shared by multiple primary users
(PUs) and secondary users (SUs). As the spectrum of interest is licensed to primary network,
power and channel allocation must be carried out within the cognitive radio network so that
no excessive interference is caused to PUs. For this system, we study the joint beamforming
and power allocation problem via game theory in this paper. The problem is formulated as a
non-cooperative beamforming and power allocation game, subject to the interference
constraints of PUs as well as the peak transmission power constraints of SUs. We design a
joint beamforming and power allocation algorithm for maximizing the total throughput of
SUs, which is implemented by alternating iteration of minimum mean square error based
decision feedback beamforming and a best response based iterative power allocation
algorithm. Simulation results show that the algorithm has better performance than an existing
algorithm and can converge to a locally optimal sum utility.
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1. Introduction

It is well-known that the exclusive use of the licensed radio spectrum is highly inefficient.

As a novel approach to enhancing the efficiency of utilizing the scarce radio spectrum,
cognitive radio (CR) [1] has attracted tremendous interests recently. On the other hand,
multiple-input multiple-output (MIMO) technique, with its significantly increased channel
capacity, has become a dominating technique in the future-generation wireless systems [2]. It
is thus quite natural to combine these two techniques together to achieve overall spectral
efficiency. This technological combination results in the so-called cognitive MIMO radio [3].

MIMO CR networks were recently studied in [4]-[8]. A semi-distributed algorithm was
proposed in [4] to obtain a locally optimal solution to the SU beamforming problem. On the
other hand, under the ideal assumption that the PUs can act as a scheduler for SUs
transmissions, an opportunistic orthogonalization scheme was proposed in [5]. Assuming
that the SU has full CSI and there is no interference from the PU to the SU, the authors
studied the optimal secondary transmit spatial spectrum which can achieve the capacity of
the secondary transmission for a single SU and provided better intuition in [6]. When the
secondary transmitter has complete, partial, or no knowledge about the channels to the
primary receivers, [7] studied the optimal secondary-link beamforming pattern that balances
between the SU’s throughput and the interference. Owing to the fact that the cognitive
MIMO interference channel (IC) consists of multiple cognitive point-to-point MIMO links,
[8] pointed out that the optimization of cognitive MIMO IC can be separated into several
iterative optimizations of each secondary point-to-point link.

As an effective interference suppression technique, joint beamforming and power
allocation had been widely used in communication systems with multi-antenna [9]-[11].
Different from the traditional communication systems, in CR network, the interference
constraints of PUs is the first-line issue that SUs should consider, which calls for new

algorithms. A robust power control scheme via link gain pricing with H_ estimator for

cognitive spectrum underlay network was proposed in [12]. The scheme guaranteed that the
interference temperature of the PUs through operating in the network-centric manner, and
kept the fairness between the SUs through link gain pricing. In [13], joint power control and
beamforming in the downlink of the cognitive radio network was considered and two
iterative algorithms were formulated considering two different scenarios. However, it only
considered a single primary user. In [14], a joint beamforming and power allocation
algorithm for total throughput maximization in CR network was proposed. We denote it by
ZF-CML. The ZF-CML algorithm has the following two limitations: First, ZF-CML requires
the number of active SUs does not exceed the number of antennae at the cognitive base
station, which may bring deterioration in total throughput and fairness of CR network;
second, the interference from PUs to SUs and the noise power were not considered. When
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the number of PUs is large or their transmission powers are high, the total throughput of SUs
will fall rapidly.

As multiple non-cooperative SUs share the same frequency band licensed to PUs, game
theory can be naturally applied to CR networks. The authors in [15] considered joint power
and rate control using a game-theoretic approach, where the SUs were considered as active
players in the game. The extension to the cognitive MIMO system was considered in [16, 17].
Therein, both theoretic analysis and algorithm were carefully investigated. However, the
problem of joint beamforming and power allocation for cognitive MIMO systems is different
from the traditional radio networks. To the best of our knowledge, a few studies have been
performed to look at this problem in a cognitive MIMO radio environment via game theory.
In [18], the authors considered the non-cooperative maximization of mutual information in
the Gaussian interference channel in a fully distributed fashion via game theory. [19]
formulated the design of the SU network as a non-cooperative game, where the SUs compete
with each other over the resources made available by the PUs, by maximizing their own
information rates subject to the transmit power and robust interference constraints.

Inspired by these considerations, in this paper, under a game-theoretic framework, we
study the problem of joint beamforming and power allocation in a cognitive MIMO system
wherein multiple primary users and secondary users are co-located. We design an algorithm
based on the minimum mean square error based decision feedback (MMSE-DFE)
beamforming algorithm and a best response based (BR) iterative power control algorithm
[20]. The proposed algorithm can achieve better throughput performance considering the
interference and noise power, and does not limit the number of active users. So it is more
robust and practical. Since we consider the cognitive MIMO downlink, we focus on the
game of the SUs. Specifically, we consider a strategic non-cooperative game, in which the
Nash Equilibrium (NE) is considered as the solution of this game, and the pricing function is
the cost of the spectrum. Even though the main objective of this non-cooperative game
formulation is to maximize the profit of all SUs, based on the equilibrium adopted by all SUs,
the revenue of the PUs can be maximized as well. In our earlier works [21, 22], the
beamforming problem in cognitive MIMO systems was studied from the game-theoretic
perspective. However, their problem formulations and algorithms were different from the
ones in this paper.

The rest of the paper is organized as follows. In Section 2 we introduce the cognitive
MIMO system model and formulate the throughput optimization problem under the
interference constraints of PUs as well as the peak transmission power constraints of SUs. In
Section 3, the optimization problem is formulated as a non-cooperative beamforming and
power allocation game. We choose a proper utility function with pricing to characterize the
data transmission for all SUs. In Section 4 we present the joint beamforming and power
allocation algorithm. Numerical simulation results are given in Section 5. Finally, Section 6
concludes the paper.
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The following notations are used in this paper. The capital boldface is used to denote
matrices, and the lowercase in boldface denotes vectors. ()" and (-)" denote the conjugate

transpose operation and transpose operation, respectively.

2. System Model and Problem Formulation
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Fig.1. Cognitive MIMO system

We consider that the primary and secondary communication links share the same frequency
band with bandwidth B, as shown in Fig. 1. All channels follow independent Rayleigh block
fading. The channel coefficients of the primary and secondary links are independent and
identically distributed complex Gaussian random variables with zero mean and unit variance.
The primary network consists of a primary base station (PBS), equipped with M antennae,

which transmits signals to L primary users (PU,,...,PU, ). Each PU has a single antenna.
The secondary network comprises a secondary multi-antenna transmitter (SBS) and K
secondary single-antenna receivers ( SU,,...,SU, ). Due to the sharing of the same

frequency band, the received signals at the PUs are interfered by the signals transmitted from
the SBS. Similarly, the received signals at the SUs are interfered by the signals transmitted
from the PBS.
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The Zx1 received signal vector y can be represented as
K L
y:Zx/ pkhkxk+2\/p_lhlxl+Q 1)
k=1 =1

The k-th SU transmits signal X, with power p,. The I-th PU transmitter sends signal X,

with power p,. Q is the Gaussian noise vector whose entries are independent Gaussian

random variables with zero mean and unit variance.
For each SU, the output of the Z array elements at SBS is weighted and added by a

beamformer. Let w, =[w,...,w*1", vk [, K], be the Z-component complex weight

vector for the k-th SU. Then, the signal-to-interference-plus-noise-ratio (SINR) of the k-th
SU is calculated by

2
H
‘Wk hk‘ Py

SINR, = )

>

L 2
‘w[‘hj‘z P, +Z‘er|h|‘ D, +||wk||2 o}
j=1 j=k I= 1

where h, and h, denote the channel response vector from k-th SU and I-th PU to the SBS,

o} is the noise power. The beamforming weights are normalized such that ||Wk||2 =1. A
specified measurement point is set in the primary network to measure the interference caused

by secondary network, where g, is the channel response from SU k to the measurement

point, g= [gl, [ PRI o ]T . To simplify the analysis, all the channel response vectors h, , h,

and g are assumed to be perfectly known at the SBS. The achievable rate of the k-th SU can
be expressed as

R, =log,(1+SINR,) 3)

In order for a CR network to coexist with the PUs, the interference powers received by
the I-th PU from the SBS should be below certain thresholds, which are usually dependent
on the quality of service (QoS) of the I-th PU. It is therefore essential to control the
transmission powers of the SUs. On the other hand, to ensure QoS of SUs, power allocation
in a CR network should be appropriately determined to optimize the performance metrics of
the SUs, which can be reflected through the parameters such as the sum-rate or SINRSs.

Motivated by the considerations described above, we formulate the design of CR
networks into an optimization problem. The problem is to maximize the sum-rate of the SUs
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subject to the individual peak transmission power constraint of each SU, as well as the
interference power constraints of PUs. The interference power received by I-th PU from all

SUs is characterized by g p, p:[ Py Poyeeees Py ]T . It can be formally stated as follows

subjectto g'p<I, (4)
O < pk < pk,max’\v/k E[l, K]
The interference constraints of PUs is denoted by 1, and the peak transmission power

constraint of k-th SU is denoted by p, .. -

3. Non-cooperative Game

3.1 Game-theoretic Formulation

Game theory is an effective tool to analyze competitive optimization problem. Particularly,
emergent potential games have a special property that the incentive of all users to change
their strategies can be expressed in a global function. That is, users in a potential game can
serve the greater good by furthering their own interests. These have inspired us to explore a
game-theoretic approach for cognitive MIMO. Suppose that the secondary users in the
cognitive MIMO are selfish and non-cooperative. Then each secondary user’s transmission is
a source of interference for the others. The strategies chosen by different SUs depend on
each other. Based on the system model described above, a non-cooperative game can be
formulated as follows [23]

Q= {Q, {Wk, pk}kEQ '{/‘k}keg} (%)

The players in this game are the SUs. The strategy of each player includes beamforming

weights and transmit power (denoted by w, and p, for the k-th SU, which is

non-negative). The utility for each player is the profit (i.e., revenue minus cost, denoted by

4, for the k-th SU) in sharing the spectrum with the PUs and the other SUs. Consequently,
the utility function can be designed based on the achievable rate, i.e.

# =109, (1+SINR,) (6)
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Due to greediness, a payoff function based on (6) leads to an inefficient outcome, i.e.,
each player focuses on the forming of its own beam without nulling the interference to the
PUs. To prevent this selfish circumstance, pricing has been used as an effective tool to give
distributed players incentives to cooperate in resource usages. Therefore, the payoff function

should consist of revenue and cost, the new utility function of the k-th SU,  with pricing is

rewritten as follows
L 2
14 =log, 1+ SINR ) = Ap, > |wy'| @)
1=1

where A is a positive constant and has an effect to reflect the potential interference to the
PUs. The non-cooperative game is formulated as

K

maXZ,Uk

k=1
subjectto g'p<I, (8)
0< Py < Py VK €L K]
Here, each SU competes against the others by choosing its beamforming vector w,

and transmission power p, to maximize its own utility function.

3.2 Existence of Nash Equilibrium

To analyze the outcome of the game, the existence of a NE is a well-known optimality
criterion. At the NE point, no user has any incentive to change its strategy with its own
action. According to the fundamental game theory result [23], the existence conditions of
Nash Equilibrium are given by

(i) The feasible set B, = {WkH , pk} is @a nonempty compact convex subset of a Euclidean
space.
(ii) The utility function g, (-) is continuous and quasi-concave on B, = {Wl': : pk} :
2
By taking the first derivative of 4 (-) with respect to p, and ‘W,':‘ , respectively,

we have
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Hh 2
Zﬂk=|12 K ) ‘DNK k‘ z_ﬂi‘hlwkH‘z ©)
PN > ‘wthj‘ pj+Z‘wkal‘+ak2+pk‘wlt'hk‘ =1
j 1=1

j=1, j=k
2
8#:_(' = Ir:ll-z - . ka |hk| 2 _ﬂvpki“] |2 (10)
a\wk ‘ > ‘wthj‘ P +Z‘wk'* p|‘+0k2 + P, ‘w{'hk‘ =
i=1, j=k =1

Moreover, by finding the second derivative of 4 (-) with respectto p, and ‘WE‘Z,

respectively, we get

o 1L | (11)
o P 2] & Hp 2 S H 2 Hi |2 2
jzlzj‘;k‘wk hj‘ P, +IZ=1:‘WK p,‘+ak + P, ‘Wk hk‘
ou2 1 2|n |’
Hy _=- Py | k| . (12)
6‘Wlk-|‘ 21" & Hia |2 S H 2 Hi |2
jlZjik‘wk h[ b, +Iz:l:‘wk p|+o7 + p jwi'hy|
2
As ‘Wthk‘AZO and pZ2lh|'>0, it is easy to check that af; <0 and
k
2
T’u‘; ‘2 < 0. Consequently, the utility functions of SU, satisfy all the required conditions
o|w,

(i) (i) for the existence of at least one NE.

4. Joint Beamforming and Power Allocation Algorithm

The alternating iteration is a low-complexity method for multi-variable optimization problem
and used widely. We employ an iterative algorithm that repeats two sets of optimization
variables: beamforming matrix w and transmission power vector p until convergence to solve
the optimization problem [20].

During beamforming matrix optimization, the beamforming vector for each SU is

identified for a given transmission power vector p°. The beamforming vector of different

SUs can be equivalent to the following

maxINR, v, p’ (13)
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It is well-known that the optimal solutions to (4) can be achieved by the classical
MMSE beamforming algorithm, so the optimal beamforming vector of k-th SU is

Wk =al, h, (14)

K L
=1,and T, = > p,hih' +> phh'+c5°.
1=1

N
where « is a constant used to make |wx n;h;
j=k+1

Fortunately, due to the relationship I', , =T, + p,h.h, with the help of the famous

Sherman-Morrison equation [24], we could solve the matrix inversion problem in (14)
recursively as

L phh'Ty

I, = +phh’)'=I-

(15)
During the transmission power vector optimization, with the updated beamforming

AN

matrix W, the optimal p is identified. We consider the optimization problem of p.

Obviously, the problem can be solved through the Lagrange algorithm. With the same
apagoge as Theorem 1 in [14], we could prove that the optimal solution to the optimization
of p must satisfy the following equivalent KKT conditions

B _1_pk,max
c Gkc
P, = Z T+ 7> 0Vke [K, (16)
c=k+1
ijGj,c+|c
L = Jo
K
y(L=2P g )= (17)
k=1
K
2. PO <1, (18)
k=1
A 2 /\H 2 L A /\H A A 2
where G, =\Wch, |, G, =|we h| , I,=> p/We hi| +|we|| oZ, 7 is parameter.
1=1

First, we fix y as any nonnegative value to solve equation (16), then we discuss how to
identify the value of y.

For any fixed y >0, the algorithm similar to sequential iterative water-filling [25] can
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be implemented to obtain the fixed point of equation (16). We assume the order of power
adjustment is from SU 1 to SU k, then algorithm A helps us to solve equation (16) for any

fixed y>0. The process of algorithm A could be regarded as a power game with a

coordinate utility function. As the power adjustment strategy of each SU is the best response
of the utility function, so the convergence and optimality of algorithm A can be guaranteed.

Table 1. Algorithm A

initialize: n=0, p® :[pl(o'),..., p?,....pQ 1,7, &

repeat: n=n+1
for k=1: K

initialize: m=0, p,ﬁ”)’(o), e

repeat: m=m+1

I —1 7] Pk max
S G
(m,(m) _ ‘e
T (n).(m-1) S0 SR +7 0
c=k+1 n),(m- n e
k G+, PG+ > PG+,
j=t jrk+1 .
until ‘pé”)v(m) _ pénx(m—l)‘/ pén),(m—l) <
end

until H p —pi" Y H/ H P H <&

In algorithm A, the iteration indexed by n is called the outer iteration, while the iteration
indexed by m is called the inner iteration. In the nth outer iteration, when SU adjusts its
transmission power, the power strategy vector of other SUs is denoted as

(n-1) (n-1)

pET() :[pl(n)“"’ plgrl?u pk+1 [RERS] pK

to SuU k in the m-th outer iteration is denoted as

]. In the inner iteration, the effect caused by other SUs

k-1 c-1
R(P)=Dp"G, .+ > pi"YG, +I, . Besides, & and ¢ are the stopping
i1

j=k+1

criterions of the outer and inter iteration respectively.
Next we discuss how to ascertain the value of y . According to the KKT condition (16),

the potential value of » can be sorted as »=0 and >0, corresponding to the
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following two sub-problems (SP)

SP1:y =0
r —1 7] P, max
K G
p|EH+l) — — k,c (19)
S oG, 1,
L 1= Jo
K
D PG <y,
k=1
SP2:¥ >0
r _1ka‘ max
(n+1) c Gk,c <
Kk = Z ) + 70 ,Z PO =l (20)
c=k+1 pgn)Gj,c + Ic k=1
L = Jo

K
Z POk = Ith
k=1

*

We assume that the optimal solution to (16) is p , the solution to SP1 and SP2 are
p(0) and p(y"), respectively. Then, p must be p(0) or p(y’). The following

Theorem gives the relationships among p(0), p(y’),and p .

Theorem: If p(0) satisfies the interference constraints of PUs, i.e., iﬁk(o)gk <l
k=1

/\* A A K N A* N *
then p = p(0); else if > p,(0)g, > 1, then p = p(y ).
k=1
The following Lemma 1 is presented to prove the Theorem.

Lemma 1: if y, <y, ,then p(y,) and E)(yz) , which are the corresponding solutions of
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KKT condition (16) obtained by algorithm A, which must satisfy [Aa(yl) > [A)(;/Z) regardless
of the initial values. Here E)(;/l) > E)(;/Z) means that every element in p(y,) is larger

than the corresponding element in  p(y,) .

Proof of Lemma 1: Without loss of generality, suppose that when y, <y, ,

& =max(p,(7,)/ P, () 21, then

1P max
0=l > e g,
S IALRE)
1R moax (21)
1) Sy TV ) RN

Y ene. el

0

This is contradictive to the hypothesis, so when y, <y,, &= max(E)j(;/z)/ E)j(;/l)) <1,
J

ie, p(n)>p(,).

Proof of Theorem: When » =0, if the solution p(0) to SP1 satisfies

K

N 0 <., then based on Lemma 1, for any » >0, the solution p obtained
> p(0)g, <1, 4 y

k=1

from algorithm A must satisfy E)(;/) < E)(O), 0] E)(y) satisfies i E,k(o)gk <1, - This
k=1

means that if p(0) satisfies if,k(o)gkg I, . then for any y >0, the necessary
k=1

condition (20) of SP2 cannot be satisfied, so [A)(O) is the optimal solution to (16). If [A)(O)

destroys the interference constraints of PUs, it is necessary to solve SP2, and the solution to
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SP2 p(¥") isthe optimal solution to (16).

By all appearances, SP1 can be solved directly by algorithm A, but SP2 is dependent on
the value of y, so how to fix on the value of y isthe key problem in solving SP2.

K n
Lemma 2: let us define a function f(}/):Zpk(;/)gk—lth, then f(y) is strictly
k=1

monotonically decreasing in » (lemma 2 can be directly obtained from lemma 1).

As f(y) monotonically decreases in y, there is only one point ¥~ which makes
KA
f(y):Zpk(;/)gk—lth. This means that the solution to SP2 is unique. Due to the
k=1

monotonicity of f (), the well-known bisection search algorithm can be used to find .

How to set the two initial values 7 and 7@, which make f(y°)<0 and f(»°)>0,

+

respectively is the key problem of the bisection algorithm. Obviously, from the Theorem, if it

A K A
is necessary to solve SP2, this means that p(0) makes f(0)= Z p.(0)g, -1, >0, so

k=1

7 can be set to 0; on the other hand, it is shown in (20) that, if »© can make
f(»°)=0 when p, = P e (VK €[LK]), then »© must satisfies f(°)<0 when

P < Prmax (VK €[L K1) , so the initial value 7' can be obtained by

K K Gk . -1
c
Z(Z o1 +7°4) =1, (22)
k=1 c=k+! pj,max+|c
=

Based on the above discussion, we summarize the process as the following algorithm B.

Table 2. Algorithm B

y =0, solve SP1 by algorithm A, obtain the solution to SP1 p(0)

K A A A
it > P (0)g <y, p =p(0)

k=1
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else initialize: m=0, =0, y?, ¢

repeat: m=m-+1
]/(m) — (yEerl) +7/£m—l))/2
compute p(»™) by algorithm A

it £(™)<0 yM =y oy =y

elseif f(y™)>0 pM=pM; ™ —=,m
else Y =y p =p@); exit
end

until ™ — 7/("‘_1)‘ / ‘y(m_l)‘ <¢

End

Our joint beamforming and power allocation algorithm is implemented by the
alternating iteration of beamforming and power allocation, until the total throughput of CR
network converges to a stable value. In the n-th iteration, two steps are involved: in the first

A*(0-1)

step, the power vector is fixed as p , Which is the optimal solution to (16) in the (n-1)th

A (M)

iteration, then the optimal beamforming matrix W ; in the second step, with the updated

A (M A*()

beamforming matrix w , we find the optimal transmission power vector p by

algorithm B.

5. Numerical Simulations

In this section, simulations are conducted to examine the performance of the proposed
algorithm. We consider such a simulation condition that the PUs are randomly distributed,
the transmission powers for all SUs are identical, and all the SUs are uniformly distributed in
an area with radius 200m. The channel fading coefficients are modeled as independent
zero-mean complex Gaussian random variables with variance 1, and path loss exponent is set
to 4. It is assumed that the SBS has perfect CSI about the fading channel coefficients from
the SBS to both PUs and SUs.
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First, in Fig. 2 we show the interference of two primary users (PU1 and PU2) versus the
maximum power of SUs under two different interference constraints of PUs. Other

simulation parameters are Z=K=3, ¢ =—140dB. As shown in Fig. 2, when the interference

of PUs is much lower than the interference constraints of PUs, it increases with the
maximum power of SUs. But when the value of the interference of PUs is close to the
interference constraints of PUs, no matter what the maximum power of SUs are, the
interference of PUs do not exceed the interference constraints of PUs.

For a fixed L=4 in Fig. 3 and a fixed K=Z=3 in Fig. 4, we investigate how the total
throughput of SUs change with various interference constraints of PUs, and when L, Z and K
change, how the total throughput of SUs change with the maximum power of SUs. Other

simulation parameters are ¢° =-140dB, p, =—-30dB. Clearly, the total throughput of

SUs increase with the maximum power of SUs. When the interference constraints of PUs
and the maximum power of SUs are same, the total throughput of SUs increase with the
value of L, Z and K . But when the interference constraints of PUs achieves some certain
value, the total throughput of SUs keeps constant.

In Fig. 5, for given K and Z, we investigate how the throughput under the MMSE-BR
algorithm and the ZF-CML algorithm change with the interference constraints of PUs, when

o? =-140dB, p, =—30dB. The result shows no matter what Z is, the throughput of
MMSE-BR and ZF-CML increase with |, when I, is small. But when |, achieves a

certain value, the throughput keepa constant. This is because when 1, goes up to some

value, the interference constraint can be satisfied even all the SUs use their peak

transmission power. Then |, will not have any effect on the throughput of SUs. Moreover,

it is easy to see that the MMSE-BR algorithm has better performance than the ZF-CML
algorithm.
Fig. 6 plots the sum utility of SUs versus the pricing factor A when the interference to

PUs caused by SUs is restricted, with o> =-100dB, Py =-40dB. There are two SUs

and two PUs. As observed from Fig. 6, the sum utility of SUs decreases as 4 increases and
can converge to a locally optimal value.
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6. Conclusion

In this paper, the joint beamforming and power allocation problem in a cognitive MIMO
network has been studied via game theory. Subject to the peak transmission power
constraints of SUs as well as the interference constraints of PUs, a proper utility function
with pricing was chosen to characterize the data transmission for SUs, and a joint
beamforming and power allocation algorithm was designed to maximize the total throughput
of SUs. Simulation results show the effectiveness of the proposed algorithm compared with
the existing ZF-CML algorithm and the convergence property of the sum utility of SUs.

References

[1] J. Mitola and G. Q. Maguire, “Cognitive radio: making software radios more personal,” IEEE
Personal Communications, vol. 6, no. 4, pp. 13-18, August, 1999. Article (CrossRef Link)

[2] D. Gesbert, M. Shafi, D. Shiu and P. J. Smith, “From theory to practice: an overview of MIMO
space-time coded wireless systems,” |IEEE Journal on Selected Areas in Communications, vol. 21,
no. 3, pp. 281-302, April, 2003. Article (CrossRef Link)

[3] G. Scutari, D. P. Palomar and S. Barbarossa, “Cognitive MIMO radio,” IEEE Signal Processing
Magazine, vol. 25, no. 6, pp. 46-59, November, 2008. Article (CrossRef Link)

[4] S.J. Kim and G. B. Giannakis, “Optimal resource allocation for MIMO ad hoc cognitive radio

networks,” IEEE Transactions on Information Theory, vol. 57, no. 5, pp. 3117-3131, May, 2011.
Article (CrossRef Link)

[5] C. Shen and M. P. Fitz, “Dynamic spatial spectrum access with opportunistic orthogonalization,”

in Proc. of the 43rd Annual Conference on Information Sciences and Systems (CISS), 2009.
Article (CrossRef Link)
[6] R. Zhang and Y. Liang, “Exploiting multi—antennas for opportunistic spectrum sharing in

cognitive radio networks,” IEEE Journal of Selected Topics in Signal Processing, vol. 2, no. 1, pp.
88-102, February, 2008. Article (CrossRef Link)
[7]1 Y. Zhang and Man-Cho So, “Optimal spectrum sharing in MIMO cognitive radio networks via

semidefinite programming,” IEEE Journal on Selected Areas in Communications, vol. 29, no. 2,
pp. 362-373, February, 2011. Article (CrossRef Link)

[8] R. Zhang, Y. Liang and S. Cui, “Dynamic resource allocation in cognitive radio networks: a

convex optimization perspective,” IEEE Signal Processing Magazine, Vol. 27, No. 3, pp.
102-114, May, 2010. Article (CrossRef Link)
[91 M. P. Chrisanthopoulou and K. P. Tsoukatos, “Joint beamforming and power control for CDMA

uplink throughput maximization,” in Proc. of IEEE 18th International Symposium on Personal,
Indoor and Mobile Radio Communications, 2007. Article (CrossRef Link)

[10] F. Wang and W. Wang, “Sum rate optimization in interference channel of cognitive radio

network,” in Proc. of IEEE International Conference on Communication (ICC), 2010. Article

(CrossRef Link)



http://dx.doi.org/10.1109/98.788210
http://dx.doi.org/10.1109/JSAC.2003.809458
http://dx.doi.org/10.1109/MSP.2008.929297
http://dx.doi.org/10.1109/TIT.2011.2120270
http://dx.doi.org/doi:%2010.1109/CISS.2009.5054789
http://dx.doi.org/10.1109/JSTSP.2007.914894
http://dx.doi.org/10.1109/JSAC.2011.110209
http://dx.doi.org/10.1109/MSP.2010.936022
http://dx.doi.org/doi:10.1109/PIMRC.2007.4394116
http://dx.doi.org/doi:10.1109/ICC.2010.5501743
http://dx.doi.org/doi:10.1109/ICC.2010.5501743

1396

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

Zhao et al.: Joint Beamforming and Power Allocation for Multiple Primary Users and Secondary Users

D. Jiang, H. Zhang and D. Yuan, “Linear precoding and power allocation in the downlink of
cognitive radio networks,” in Proc. of IEEE International Conference on Communications,
Circuits and Systems (ICCCAS), 2010. Article (CrossRef Link)

N. Zhao and H. Sun, “Robust power control for cognitive radio in spectrum underlay

networks,” KSII Transactions on Internet and Information Systems, vol. 5, no. 7, pp. 1214-1229,
July, 2011. Article (CrossRef Link)
H. Islam, Y. Liang and A. T. Hoang, “Joint beamforming and power control in the downlink of

cognitive radio networks,” in Proc. of Wireless Communications and Networking Conference
(WCNC), 2007. Article (CrossRef Link)

L. Zhang, Y. Liang and Y. Xin, “Joint beamforming and power allocation for multiple access

channels in cognitive radio networks,” IEEE Journal on Selected Areas in Communications, vol.
26, no. 1, pp. 38-51, January, 2008. Article (CrossRef Link)

P. Zhou, W. Yuan, W. Liu and W. Cheng, “Joint power and rate control in cognitive radio

networks: a game-theoretical approach,” in Proc. of IEEE International Conference on
Communications, 2008. Article (CrossRef Link)
G. Scutari and D. P. Palomar, “MIMO cognitive radio: a game theoretical approach,” IEEE

Transactions on Signal Processing, vol. 58, no. 2, pp. 761-780, February, 2010. Article
(CrossRef Link)

W. Zhong, Y. Xu and H. Tianfield, “Game-theoretic opportunistic spectrum sharing strategy
selection for cognitive MIMO multiple access channels,” IEEE Transactions on Signal
Processing, vol. 59, no. 6, pp. 2745-2759, January, 2011. Article (CrossRef Link)

G. Scutari, D.P. Palomar and S. Barbarossa, “Competitive design of multiuser MIMO systems

based on game theory: a unified view,” IEEE Journal on Selected Areas in Communications, vol.
26, no. 7, pp. 1089-1103, September, 2008. Article (CrossRef Link)
J. Wang, G. Scutari and D.P. Palomar, “Robust MIMO cognitive radio via game theory,” IEEE

Transactions on Signal Processing, vol. 59, no. 3, pp. 1183-1201, March, 2011. Article
(CrossRef Link)

Y. Yang, J. Wang and Q. Wu, “Joint beamforming and power control for throughput
maximization in cognitive radio,” IEEE International Conference on Wireless Information
Technology and Systems (ICWITS), 2010. Article (CrossRef Link)

F. Zhao, B. Li, and H. Chen, “Joint beamforming and power allocation algorithm for cognitive

MIMO systems via game theory,” in Proc. of 7th International Conference on Wireless
Algorithms, Systems, and Applications, August, 2012. Article (CrossRef Link)

F. Zhao, X. Lv, and H. Chen, “A leakage-based beamforming algorithm for cognitive MIMO
systems via game theory,” Journal of Networks, vol. 8, no. 3, pp. 623-627, May, 2013. Article
(CrossRef Link)

D. Niyato and E. Hossain, “Competitive spectrum sharing in cognitive radio networks: a
dynamic game approach.” IEEE Transactions on Wireless Communications, vol. 7, no. 7, pp.
2651-2660, July, 2008. Article (CrossRef Link)



http://dx.doi.org/10.1109/ICCCAS.2010.5582020
http://dx.doi.org/10.3837/tiis.2011.07.001
http://dx.doi.org/10.1109/ICCCAS.2010.5582020
http://dx.doi.org/10.1109/JSAC.2008.080105
http://dx.doi.org/doi:10.1109/ICC.2008.620
http://dx.doi.org/10.1109/TSP.2009.2032039
http://dx.doi.org/10.1109/TSP.2009.2032039
http://dx.doi.org/10.1109/TSP.2011.2121063
http://dx.doi.org/10.1109/JSAC.2008.080907
http://dx.doi.org/10.1109/TSP.2010.2092773
http://dx.doi.org/10.1109/TSP.2010.2092773
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5605020
http://dx.doi.org/10.1109/ICWITS.2010.5611976
http://dx.doi.org/10.1007/978-3-642-31869-6_14
http://dx.doi.org/10.4304/jnw.8.3.623-627
http://dx.doi.org/10.4304/jnw.8.3.623-627
http://dx.doi.org/10.1109/TWC.2008.070073

KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 7, NO. 6, Jun. 2013 1397
Copyright (© 2013 KSII

[24] M. Schubert and H. Boche, “Iterative multiuser uplink and downlink beamforming under SINR
constraints,” IEEE Transactions on Signal Processing, vol. 53, no. 7, pp. 2324-2334, July, 2005.

Article (CrossRef Link)
[25] G. Scutari, D. P. Paloar and S. Barbarossa, “Asynchronous iterative waterfilling for Gaussian

frequency-selective interference channels: A unified framework,” Information Theory and
Applications Workshop, pp. 349-358, January, 2007. Article (CrossRef Link)

Feng Zhao received a PhD degree in communications and information systems from
Shandong University, China in 2007. Now he is a Professor in the School of
Information and Communication, Guilin University of Electronic Technology, China.
His research interests include wireless communications, signal processing, and

information security.

Jiayi Zhang received a BEng degree in communications engineering from Guilin
University of Electronic Technology, China in June 2011. He is working towards his
MSc degree in the same university from September 2011. His research focuses on

cognitive MIMO systems.

Hongbin Chen received a BEng degree in electronic and information engineering
from Nanjing University of Posts and Telecommunications, China, in 2004, and a
PhD degree in circuits and systems from South China University of Technology,
China, in 2009. He is an Associate Professor in the School of Information and

Communication, Guilin University of Electronic Technology, China. From October

2006 to May 2008, he was a Research Assistant in the Department of Electronic and
Information Engineering, Hong Kong Polytechnic University, China. His research
interests lie in cooperative, cognitive, and green communications. He is serving as an
Editor for IET Wireless Sensor Systems from October 2010 to September 2013.


http://dx.doi.org/10.1109/TSP.2005.849164
http://dx.doi.org/10.1109/ITA.2007.4357602

