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Abstract—We study the feasibility of the total power minimiza-
tion problem subject to power budget and Signal-to-Interference-
plus-Noise Ratio (SINR) constraints in cognitive radio networks.
As both the primary and the secondary users are allowed to
transmit simultaneously on a shared spectrum, uncontrolled
access of secondary users degrades the performance of primary
users and can even lead to system infeasibility. To find the largest
feasible set of secondary users (i.e., the system capacity) that can
be supported in the network, we formulate a vector-cardinality
optimization problem. This nonconvex problem is however hard
to solve, and we propose a convex relaxation heuristic based on
the sum-of-infeasibilities in optimization theory. Our methodol-
ogy leads to the notion of admission price for spectrum access
that can characterize the tradeoff between the total energy
consumption and the system capacity. Price-driven algorithms
for joint power and admission control are then proposed that
quantify the benefits of energy-infeasibility balance. Numerical
results are presented to show that our algorithms are theoretically
sound and practically implementable.

Index Terms—Optimization, cognitive radio networks, spec-
trum access control, power and admission control.

I. INTRODUCTION

ENERGY efficiency in wireless communication is a grow-
ing focus as energy consumption by wireless devices

increasingly becomes a global environmental concern [1]–[3].
In wireless networks, power control is an important medium
access control mechanism used to minimize the total energy
consumption [4]. The requirement therein is to ensure that the
signal is strong enough for the desired receiver to satisfy the
Signal-to-Interference-plus-Noise Ratio (SINR) requirements
for reliable reception and yet not so strong that it interferes
with the other receivers. A crucial issue in this energy mini-
mization problem is the infeasibility problem, that is to say,
it may not be possible to simultaneously meet the SINR
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Fig. 1. An illustration of simultaneous transmissions by primary and
secondary users in a cognitive radio network, where the secondary users
opportunistically exploit the idle frequency bands to transmit. An example
of the cognitive radio network is the dynamic access of TV white space
spectrum, which consists of unused TV broadcast frequency bands.

constraints of all the users. Since the seminal work by Foschini
and Miljanic in [5] on power control algorithms for energy
minimization subject to SINR constraints, it has been extended
to consider power constraints, e.g., the constrained Distributed
Power Control (DPC) algorithm in [6], when there is an
individual power constraint for each user. In [7], the authors
proposed joint power control and channel access algorithms
for robustness against outage. In [8], [9], the authors proposed
an energy-robustness tradeoff optimization to balance energy
expenditure and robustness in wireless cellular networks.

In a cognitive radio network, secondary users actively mon-
itor the radio environment for dynamic spectrum access, and
can opportunistically transmit simultaneously with the primary
users, as illustrated in Fig. 1. When there is infeasibility, ex-
isting power control algorithms, e.g., in [5], may not converge
or may be unstable in general, e.g., using the algorithm in [6],
users may transmit at the maximum possible power and yet
still cannot satisfy their SINR constraints leading to undue
interference. This infeasibility problem is more severe in a
cognitive radio network due to the unplanned deployment of
the (unlicensed band) secondary users whose interference can
overwhelm the (licensed band) primary users [10]–[14]. Thus,
joint power and admission control is necessary to resolve the
infeasibility issue in the energy minimization problem [15].
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To simultaneously maximize the number of secondary users
that can be supported together with the primary users and
to minimize the total energy consumption is generally hard
to solve. Mathematically, it is equivalent to computing the
maximum feasible set given an infeasible set of linear con-
straints [16]. In practice, admission control is needed to find
the maximum feasible set of users. In [17]–[19], the authors
studied the optimal power and admission control for fading
channels under stochastic uncertainty. In [20], Mahdavi-Doost
et al. proposed an algorithm that removes users based on
maximizing the minimum achievable SINR. In [21], Rasti et
al. proposed a distributed algorithm to remove secondary users
once their instantaneous power exceed certain threshold. The
authors in [22]–[24] proposed linear programming relaxation
to obtain approximate solution to the system capacity. The
authors in [25] proposed a robust distributed uplink power
allocation algorithm in a cognitive radio network to maximize
the social utility of secondary users that are admitted. The au-
thors in [26] proposed a power control algorithm to maximize
the throughput of the secondary users while protecting the
primary users. Phunchongharn et al. proposed power control
algorithms for transmission under channel uncertainty in [27].

The system capacity is in fact intriguingly related to the
amount of energy consumption in the network. Aggressive
admission control unduly removes secondary users that leads
to the network being under-utilized albeit with a lower total
energy consumption. On the other hand, a maximum system
efficiency perspective requires supporting as many secondary
users as possible albeit with a higher total energy consump-
tion. This energy-infeasibility tradeoff determines a desired
system operating point that balances the system capacity
and the energy consumption. In contrast to the commonly
used two-timescale approach (finding a maximum feasible set
of secondary users first before minimizing the total energy
consumption of all the users in the set) in the literature,
we propose a single timescale approach to jointly optimize
this energy-infeasibility tradeoff using joint power control
and admission control algorithms with low implementation
complexity. In particular, we first propose an algorithm based
on the sum-of-infeasibilities convex relaxation heuristic in
optimization theory [28]. Using optimization duality, we refine
our algorithm based on the tradeoff analysis between the total
energy consumption and the system capacity to compute a
(suboptimal) feasible set of users that can be supported subject
to a specification constraint on the marginal increase in the
total energy consumption. These algorithms are (admission)
price-driven in the sense that admission prices are iteratively
determined to admit secondary users in the network.

Overall, the contributions in this paper are:
1) the formulation and algorithm design methodology of

the energy-infeasibility optimization problem,
2) the joint power and admission control algorithms that

are driven by admission prices (can be interpreted as
the price that a secondary user pays to be admitted),

3) to quantify the benefits of energy-infeasibility balance in
the tradeoff between the number of admitted secondary
users and the energy expenditure.

The paper is organized as follows: We introduce the system
model in Section II. We formulate the energy-infeasibility

optimization as a vector-cardinality optimization problem in
Section III. We propose a price-driven algorithm based on the
sum-of-infeasibilities heuristic to find the system capacity in
Section IV. We study the tradeoff between the total energy
consumption and the system capacity driven by the admission
prices in Section V. We evaluate the performance of our
algorithms numerically and compare them to other baseline
algorithms in Section VI. Finally, we conclude the paper in
Section VII. All the proofs can be found in the appendix.

The following notations are used in this paper: Boldface
uppercase letters denote matrices, boldface lowercase letters
denote column vectors and italics denote scalars. Let ρ(A)
denote the Perron-Frobenius eigenvalue (spectral radius) of
a nonnegative matrix A. The super-script (·)� denotes the
transpose. Let ‖ · ‖0 denote the �0 norm (the cardinality of
a vector). Let I and diag(x) denote the identity matrix and
the diagonal matrix with the entries of x on the diagonal,
respectively. Let ex and log x denote (ex1 , . . . , exn)� and
(log x1, . . . , log xn)

�, respectively. We let [x;y] denote a
column vector with entries from x and y stacked one after
the other, and let x

y denote a column vector with entries xl/yl
for all l.

II. SYSTEM MODEL

We consider a cognitive radio network with a finite number
of (licensed and higher priority) primary users and (unlicensed
and lower priority) secondary users. There are Lm primary
users and Ls secondary users (transmitter-receiver pairs)
that want to communicate simultaneously over a common
frequency-flat fading channel. For notation purpose, we use the
super-script m to label the primary users and the super-script
s to label the secondary users. Let pm = (pm1 , . . . , pmLm

)�

and ps = (ps1, . . . , p
s
Ls
)� be the transmit power vector of

the primary and secondary users respectively. The received
SINR of the ith primary user and the jth secondary user
at the receiver can be given in terms of the transmit power
p = [pm;ps] as:

SINRm
i (p) =

Gmm
ii pmi

Lm∑
l=1
l �=i

Gmm
il pml +

Ls∑
j=1

Gms
ij psj + nm

i

, (1)

and:

SINRs
j(p) =

Gss
jjp

s
j

Lm∑
i=1

Gsm
ji pmi +

Ls∑
l=1
l �=j

Gss
jl p

s
l + ns

j

, (2)

respectively, where Gms
ij is the channel gain from the jth

secondary transmitter to the ith primary receiver, and ni is
the additive white Gaussian noise (AWGN) at the receiver of
the ith user.

Let us consider the problem that minimizes the total energy
consumption of both the primary and secondary users subject
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to given power budget and SINR constraints [4], [5]:

minimize
Lm∑
i=1

pmi +

Ls∑
j=1

psj

subject to SINRm
i (p) ≥ γ̄m

i , i = 1, . . . , Lm,
SINRs

j(p) ≥ γ̄s
j , j = 1, . . . , Ls,

0 ≤ pm ≤ p̄m,
0 ≤ ps ≤ p̄s,

variables : pm,ps,

(3)

where p̄ = [p̄m; p̄s] is a vector that upper-bounds the transmit
powers for all the users, and γ̄ = [γ̄m; γ̄s] is a given minimum
SINR threshold vector that represents the quality-of-service
requirement in the cognitive radio network. It is required that
the received SINR of all the users are at least larger than γ̄.

To give a more compact representation to (3), let us define
the nonnegative vector:

v = [vm;vs] =
(

nm
1

Gmm
11

, · · · , nm
Lm

Gmm
LmLm

,
ns
1

Gss
11
, · · · , ns

Ls

Gss
LsLs

)�
,

(4)
and the nonnegative matrix F:

F =

[
Fmm Fms

Fsm Fss

]
, (5)

where Fms ∈ R
Lm×Ls
+ ,Fsm ∈ R

Ls×Lm
+ ,Fmm ∈ R

Lm×Lm
+

and Fss ∈ R
Ls×Ls
+ are matrices that have, respectively, entries

Fms
ij = Gms

ij /Gmm
ii , F sm

ji = Gsm
ji /Gss

jj , and:

Fmm
li =

{
0, l = i,
Gmm

li

Gmm
ll

, l �= i,
(6)

F ss
lj =

{
0, l = j,
Gss

lj

Gss
ll
, l �= j.

(7)

Moreover, we shall assume that F is irreducible, i.e., each
(primary or secondary) user has at least an interferer. Then,
we can rewrite (3) as the following linear program [4]:

minimize 1�p
subject to (I− diag(γ̄)F)p ≥ diag(γ̄)v,

0 ≤ p ≤ p̄,
variables : p.

(8)

In general, (8) or equivalently (3) may be feasible or it may
not be. This means that it may not be possible to have the
received SINR of all the users be larger than γ̄ in (3).

Now, suppose that (8) is feasible. To solve (8), the following
algorithm has been proposed in [6]:

pl(t+1) = min

{
γ̄l

SINRl(p(t))
pl(t), p̄l

}
, l = 1, . . . , Lm+Ls,

(9)
where SINR(p) = [SINRm(p); SINRs(p)]. This is known as
the constrained DPC algorithm, and it converges to the optimal
solution of (3) whenever (3) is feasible. Intuitively, the lth user
increases its power if SINRl(p) is below γ̄l or decreases it
otherwise. However, when (3) is infeasible, (9) converges to a
point in which only a subset of the users can satisfy their SINR
requirements. In a cognitive radio network, it is important to
study the impact of secondary users on the primary users.
From a system efficiency perspective, it is necessary to find

Equivalent Linear Program 
(8)

Vector-Cardinality
Minimization (10)

Sum-of-Infeasibilities
Minimization (12)

Algorithm 1

Energy-Infeasibility
Tradeoff Optimization

(27)

Energy-Infeasibility
Tradeoff based on Sum-of-

Infeasibility (28)

Algorithm 2

Admission Price-Driven

Total Energy Consumption 
Minimization (3)

Balance
Pareto-

Optimality

Joint Power and 
Admission Control

Parametric 
Problem 

Formulation 
(34)

Fig. 2. Overview of the connection between the optimization problems in the
paper and the design of price-driven algorithms for joint power and secondary
user admission control. The dotted lines indicate that the corresponding blocks
share similar parallel features in the analysis or algorithm implementation.

the system capacity, i.e., the maximum number of users that
can be supported. Also, we shall make the assumption that the
system having only primary users is already feasible without
any secondary user, and hence the point of interest is to find
out how many additional secondary users (out of the Ls) can
be supported in the network.

Definition 1: The maximum feasible set of secondary users
for (3) is the largest number of secondary users that can be
supported subject to the constraints in (3) being all feasible.

In the following, we first study a feasibility optimization
problem closely related to (3), which is a vector-cardinality
minimization problem in Section III. By leveraging the sum-
of-infeasibilities convex relaxation heuristic, we propose a
price-driven algorithm to approximate the maximum feasible
set of secondary users in Section IV. Furthermore, to balance
the infeasibility and total energy consumption in the network,
we study a Pareto optimality tradeoff problem in Section V
using sensitivity analysis. Fig. 2 gives an overview of the key
optimization problems in this paper.

III. ENERGY-INFEASIBILITY OPTIMIZATION

In this section, we first formulate the energy-infeasibility
optimization as a vector-cardinality problem and then propose
a solution methodology using the sum-of-infeasibilities convex
relaxation heuristic.

A. Energy-Infeasibility Optimization Problem

In general, finding the largest set of users whose SINR
thresholds can all be satisfied in (3) whenever it is infeasible
is a NP-hard combinatorial problem [21]. When the number
of secondary users is large, it is computationally difficult to
find the feasible set with the maximum cardinality. In the
following, we formulate an optimization problem related to (3)
by adding auxiliary variables qsj to the right-hand side of the
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SINR constraint for the jth secondary user:

minimize ‖qs‖0
subject to γ̄m

i

SINRm
i (p) ≤ 1, i = 1, . . . , Lm,

γ̄s
j

SINRs
j(p)
≤ 1 + qsj , j = 1, . . . , Ls,

0 ≤ p ≤ p̄,
variables : p,qs,

(10)

where qs can be interpreted as an indicator of infeasibility that
also has a physical meaning of SINR margins being added to
the SINR thresholds, and the objective function ‖qs‖0 is the
�0 norm that measures the cardinality of qs. For brevity, we
call qs the SINR margin variable and let q = [qm;qs] where
qm is a zero vector with Lm zeros.

Lemma 1: If q is a feasible solution of (10), we have:

ρ

(
diag

(
γ̄

1+ q

)(
F+

1

p̄l
ve�l

))
≤ 1, l = 1, . . . , Lm+Ls.

(11)
From Lemma 1, (3) is feasible if and only if the optimal

value of (10) is zero. We have qsj > 0 if the SINR threshold
of the jth secondary user cannot be achieved. Intuitively, a
feasible set of users for (3) can be obtained by removing all
the secondary users satisfying qsl > 0 at the optimality of (10).
However, (10) is still a computationally hard problem due to
the nonsmooth and nonconvex �0 norm function.

B. Sum-of-Infeasibilities Based Convex Relaxation Heuristic

We consider the following optimization problem by replac-
ing the �0 norm objective function of (10) with the sum of
qs, i.e., using the sum-of-infeasibilities1 heuristic, given by:

minimize 1�qs

subject to γ̄m
i

SINRm
i (p) ≤ 1, i = 1, . . . , Lm,

γ̄s
j

SINRs
j(p)
≤ 1 + qsj , j = 1, . . . , Ls,

0 ≤ p ≤ p̄,
qs ≥ 0,

variables : p,qs.

(12)

Let us denote the optimal solution p in (12) by p�. The
optimal solution of qs in (12) can be expressed as q� =(
0, . . . , 0, q�Lm+1, . . . , q

�
Lm+Ls

)�.
Remark 1: Since the nonnegative SINR margin variable qs

satisfies 1−qsj ≤ 1
1+qsj

for all j, the objective function of (12)
satisfies:

Ls∑
j=1

qsj ≥
Ls∑
j=1

(
1− SINRs

j(p)

γ̄s
j

)
. (13)

The inequality in (13) is tight if (3) is feasible. Otherwise,
minimizing the left-hand side of (13) has the effect of mini-
mizing the differences between the SINR thresholds and the
achieved SINRs of all the secondary users. This viewpoint
thus motivates the sum-of-infeasibilities heuristic as a viable
way to approximating the maximum feasible set of secondary
users.

1The sum-of-infeasibilities method is routinely used in the first phase of
many convex programming algorithms, e.g., interior-point method, to find a
feasible point. It often violates only a small number of inequalities, and this
interesting phenomenon is under active research in sparse recovery, e.g., basis
pursuit and �1 norm regularization (cf. Chapter 11.4 in [28]).

Although (12) is still nonconvex, we can transform it to a
convex problem by using a logarithmic transformation on the
transmit power, i.e., p̃ = logp. Then, we obtain the following
equivalent convex optimization problem:

minimize 1�q
subject to log

γ̄m
i

SINRm
i (ep̃)

≤ 0, i = 1, . . . , Lm,

log
γ̄s
j

SINRs
j(e

p̃)
≤ log(1 + qsj ), j = 1, . . . , Ls,

ep̃ ≤ p̄,
qs ≥ 0,

variables : p̃,qs.
(14)

Note that the optimal solution p̃� in (14) is related to p�

in (12) by p̃� = logp�. Next, we present results on the
optimality of (12) that will be used to design a price-driven
algorithm to solve (10) in Section IV.

Theorem 1: The optimal solution p�, q� and the dual
solution (ν�,λ�) of (14) satisfy:

p� = diag

(
γ̄

1+ q�

)
(Fp� + v), (15)

ν�l = p�l

⎛
⎜⎜⎝∑

i�=l

Gilν
�
i∑

j �=i

Gijp
�
j + ni

+ λ�
l

⎞
⎟⎟⎠ , l = 1, . . . , Lm + Ls,

(16)
λ�
l (p

�
l − p̄l) = 0, l = 1, . . . , Lm + Ls, (17)

and:

q�j = max{ν�j − 1, 0}, j = Lm + 1, . . . , Lm + Ls, (18)

where νl ∈ R+ is the dual variable associated with the lth
SINR constraint and λl ∈ R+ is the dual variable associated
with the lth power constraint.

Interestingly, νl can be interpreted as the admission price
of the lth secondary user (once admitted into the system,
the lth secondary user pays this price to maintain his or
her SINR requirement in co-existence with the other users
in the network). In particular, from (18), the secondary users
with the largest SINR margin pays the highest price at the
optimality of (14). In Section V, we further elaborate the
role of ν, through sensitivity analysis in optimization theory,
as prices that characterize the energy-infeasibility tradeoff.
Furthermore, by introducing an auxiliary variable x�

l = ν�l /p
�
l

for each l, we can rewrite (16) as:

x� = F� diag

(
γ̄

1+ q�

)
x� + λ�. (19)

Remark 2: Theorem 1 is deduced by applying the Karush-
Kuhn-Tucker (KKT) optimality conditions (cf. Chapter 5.5
in [28]) to (14). From the KKT complementarity slackness
condition, the dual variable λ�

l is equal to zero whenever
p�l < p̄l at the optimality of (14). If the optimal value of (10)
is greater than zero, the dual variables satisfy ν� > 0 and
λ� �= 0. In general, x can be regarded as an auxiliary variable
to assist in the computation of the optimal primal and dual
solution of (14).
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Update the transmit power 
and admission prices of 

primary and secondary users

Remove a secondary user 
based on the admission 

prices

Power Control

Inner loop 
terminates

Until convergence to a feasible solution in (3)

Admission Control

Fig. 3. Block diagram of Algorithm 1.

IV. PRICE-DRIVEN SPECTRUM ACCESS ALGORITHM
DESIGN

In this section, we propose a price-driven algorithm for
joint power and admission control by leveraging the admission
price and the fixed-point equations established in Theorem 1
to solve the energy-infeasibility optimization problem.

A. Sum-of-Infeasibilities Based Joint Power and Admission
Control Algorithm

We propose a joint power and admission control algorithm
that determines the spectrum access of secondary users it-
eratively through admission control to identify a subset of
secondary users that is feasible in (3). The key idea is to
compute the transmit power (primal solution of (14)) and the
admission prices (dual solution of (14)) iteratively, and then
remove secondary users based on the admission prices in a
greedy fashion. Fig. 3 shows a block diagram that illustrates
this Algorithm 1 as given in the following.

Algorithm 1:

Sum-of-Infeasibilities Based Joint Power and Admission
Control

1) Initialization:
• Initialize the set of secondary users A(0) = {Lm+

1, . . . , Lm + Ls}.
2) Update by each primary user i ∈ {1, ..., Lm} and

each secondary user j ∈ A(k):
• Update the transmitter power pi(k+ 1) at the (k+

1)th step for all the primary users i = 1, . . . , Lm:

pi(k + 1) = min

{
γ̄i

SINRi(p(k))
pi(k), p̄i

}
. (20)

• Update the transmitter power pj(k+1) at the (k+
1)th step for all the secondary users j ∈ A(k):

pj(k+1)=min

{
γ̄jpj(k)

max{νj(k), 1}SINRj(p(k))
, p̄j

}
.

(21)
3) Update by each user l ∈ {1, ..., Lm}

⋃A(k):
If pl(k + 1) < p̄l

• Update the auxiliary variable xl(k + 1):

xl(k+1) =

Lm∑
i=1

Filγ̄ixi(k)+
∑

j∈A(k)

Fjlγ̄jxj(k)

max{νj(k), 1} .

(22)
• Update the admission price νl(k + 1):

νl(k + 1) = xl(k + 1)pl(k + 1). (23)

else

• Update the admission price νl(k + 1):

νl(k + 1) =
γ̄l

SINRl(p(k + 1))
. (24)

• Update the auxiliary variable x(k + 1):

xl(k + 1) = νl(k + 1)/pl(k + 1). (25)

end
4) Inner loop stopping condition:

• If ‖p(k+1)−p(k)‖2 < ε or the iterations of (20)-
(25) exceed a predefined threshold T , go to Step 5.

• Otherwise, go to Step 2.
5) Secondary user admission control:

• Let qj(k + 1) = max{νj(k + 1)− 1, 0} for all the
secondary users j ∈ A(k). If 1�q(k+1) > 0, then
remove a secondary user z satisfying:

z = arg max
j∈A(k)

νj(k + 1). (26)

• Update the set A(k + 1) ←A(k) − z and go to
Step 2.

Theorem 2: Let us define a locally asymptotically stable
solution in the Lyapunov sense to be one such that all solutions
starting near the stable solution remain near it and tend
towards it as k→∞ [29]. Algorithm 1 converges to a locally
asymptotically stable solution that is feasible in (3).

Remark 3: The computation of (22) and (26) can be made
distributed by message passing. We may have more than one
secondary user satisfying (26). In this case, we remove sec-
ondary users by breaking ties uniformly at random. The limit
point of limk→∞ q(k) and its condition that lim

k→∞
1�q(k) = 0

implies that limk→∞ p(k) is a feasible solution to (3).
Remark 4: Theorem 2 only characterizes the local conver-

gence behavior of Algorithm 1, and its global convergence
is an open problem. Our numerical evaluation in Section VI
however demonstrates that Algorithm 1 has good empirical
convergence behavior even when the iterates are far from the
fixed-point solution.

Remark 5: The dual variable νi of the ith primary user also
carries the practical meaning of admission price. In this paper,
we only consider the spectrum access control of secondary
users using these admission prices. However, in general, the
admission prices for both the primary and the secondary users
can be used to control their joint spectrum access.

From the condition that SINRj(p
�) =

γ̄j

1+q�j
, q�j = 0

implies that the jth user can achieve its SINR threshold.
Otherwise, q�j > 0 implies that the jth user cannot reach
its SINR threshold and it can possibly be removed. Now,
if we remove all the users that satisfy q�j > 0 for all j,
then (3) with a reduced number of constraints is guaranteed
to be feasible. However, some users may be unnecessarily
removed since we have used the optimality conditions in (12)
instead of that in (10). An educated guess to reduce the sum of
infeasibilities is to remove the secondary user corresponding
to arg max

j∈A(k)
νj(k+1) at the kth iteration. This is implemented

in Step 5. This secondary user removal criterion is motivated
by (18) in Theorem 1, namely that the secondary user with
the largest SINR margin variable pays the highest price. This
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secondary user is removed to reduce the interference to other
(primary and secondary) users in subsequent iterations. Upon
convergence, the total energy consumption is minimized on the
set of the primary users and a subset of secondary users, whose
SINR constraints are all satisfied. In general, other secondary
user removal criterions based on the admission price can also
be considered.

B. Discussion of Inner Loop Threshold T

The convergence of Algorithm 1 depends on the predefined
threshold T at Step 4 (to stop the inner loop iteration of
Step 2 and 3). If T is too large, Algorithm 1 may converge
rather slowly. As T becomes smaller, Algorithm 1 converges
faster but may prematurely remove more secondary users than
necessary based on admission prices (yet to converge in the
inner loop). Therefore, the choice of T affects the aggressive-
ness of admission control and the convergence behavior. To
understand this better, we use the outage probability, which is
defined as the ratio of the final number of removed users to
the initial total number of secondary users, as a parameter
to evaluate the performance of Algorithm 1 by choosing
different T . The total number of iterations of Algorithm 1 for
convergence is affected by T which in turn affects the number
of secondary users eventually removed. From a practical
perspective, the system should become feasible as soon as
possible. To facilitate this, we describe a heuristic to adapt T .
First, we empirically get an (a priori) outage probability ro in
the cognitive radio network. Suppose we desire an expected
convergence time of Algorithm 1 that is given by T̄ . Then, we
propose to set the threshold T = T̄ /(Ls × ro) for admission
control.

V. ENERGY-INFEASIBILITY TRADEOFF

In general, the optimal solution of (10) is not unique, i.e.,
the secondary users that make up the maximum feasible set
can be different. Different choice of the maximum feasible set
of secondary users can influence the objective value of (3).
Using optimization duality, we study this Pareto optimality
tradeoff using the following optimization problem to strike a
balance between infeasibility and the total energy consump-
tion:

minimize ω1�p+ (1 − ω)‖qs‖0
subject to γ̄m

i

SINRm
i (p) ≤ 1, i = 1, . . . , Lm,

γ̄s
j

SINRs
j(p)
≤ 1 + qsj , j = 1, . . . , Ls,

0 ≤ p ≤ p̄,
variables : p,qs.

(27)

Note that (27) is a parametric optimization problem that
uses the parameter ω to weigh the objective function. In
particular, (27) reduces to (3) if ω = 1, and reduces to (10)
if ω = 0. A smaller ω emphasizes admission control to max-
imize the system capacity over minimizing the total energy
consumption.

To overcome the nonconvexity in (27), we again employ
the sum-of-infeasibilities heuristic in Section III and consider

the optimization problem:

minimize ω1�p+ (1− ω)1�qs

subject to γ̄m
i

SINRm
i (p) ≤ 1, i = 1, . . . , Lm,

γ̄s
j

SINRs
j(p)
≤ 1 + qsj , j = 1, . . . , Ls,

0 ≤ p ≤ p̄,
qs ≥ 0,

variables : p,qs.

(28)

Note that (28) is different from (12) only in the objective
function, and in fact the optimality conditions of (28) share
similar features as that of (12). By exploiting this fact, the ap-
proach used to design Algorithm 1 can be used to compute the
optimal solution of (28) as given in the following algorithm.

Algorithm 2:

Balancing the Energy-Infeasibility Tradeoff

Run Algorithm 1 with (21), (22) and (24), respectively,
replaced by the following computations:

• Update the transmit power pj(k+1) for all the secondary
users j ∈ A(k):

pj(k + 1) = min

⎧⎨
⎩ γ̄jpj(k)

max
{

νj(k)
1−ω , 1

}
SINRj(p(k))

, p̄j

⎫⎬
⎭ .

(29)
• Update the auxiliary variable xl(k + 1):

xl(k+1) =

Lm∑
i=1

Filγ̄ixi(k)+
∑

j∈A(k)

Fjlγ̄jxj(k)

max
{

νj(k)
1−ω , 1

} +ω.

(30)
• Update the admission price νl(k + 1):

νl(k + 1) =
(1− ω)γ̄l

SINRl(p(k + 1))
. (31)

Through Lagrange duality, the admission prices used in the
design of Algorithm 1 are based on a connection between in-
feasibility and the dual solution. Duality has a more profound
role in analyzing the energy-infeasibility tradeoff. In particular,
through the relationship between the dual solution and sensi-
tivity analysis in optimization theory, we study how removing
secondary users affects the total energy consumption in the
cognitive radio network. First, for the lth SINR constraint
in (28), we introduce a perturbed SINR margin ul = 1 + ql.
We have 0 < ul < 1 or ul > 1 if we tighten or loosen the lth
SINR constraint, respectively. Next, we denote f�(u) as the
optimal value of (28), given by:

f�(u) = inf

{
Lm+Ls∑

l=1

pl

∣∣∣∣ γ̄

SINR(p)
≤ u,0 ≤ p ≤ p̄

}
.

(32)
If f�(u) does not exist for some u, then we let f�(u) =∞.
Using the logarithmic transformation p̃l = log pl, ũl = log ul,
and taking logarithm on both sides of the SINR constraints
in (32), we denote f�(u) in terms of ũ as f̃�(ũ). Then, f̃�(ũ)
is determined by solving the following convex optimization
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problem:

minimize
Lm+Ls∑

l=1

ep̃l

subject to log γ̄l

SINRl(ep̃)
≤ ũl, l = 1, . . . , Lm + Ls,

ep̃ ≤ p̄,
variables : p̃.

(33)
From sensitivity analysis in optimization theory [28], we

have ∂f̃�(ũ)/∂ũl = −ν�l for all l. If ν�l is large, it means
that if the lth SINR constraint is loosened or tightened a
bit, the effect on the optimal value will be large. However,
if ν�l is small, it means that the lth SINR constraint can be
loosened or tightened a bit without much effect on the optimal
value. Therefore, if we relax the lth SINR constraint with the
largest ν�l , then the optimal value is expected to decrease by a
relatively large amount accordingly. By connecting (33) to (28)
and noting that ũl = log(1 + ql), this offers an alternative
viewpoint that using the largest qj to remove the jth secondary
user is equivalent to removing the secondary user that satisfies
argmax

j∈A
ν�j where A is the set of secondary users.

Besides the sum-of-infeasibilities heuristic, there are also
other methodologies, e.g., see [30], that can be used to ap-
proximately solve the vector-cardinality problem. We present
another parametric problem formulation that leverages La-
grange duality to study the tradeoff between minimizing the
total energy consumption and maximizing the system capacity
given by:

minimize 1�p+ φ(qs)

subject to γ̄m
i

SINRm
i (p) ≤ 1, i = 1, . . . , Lm,

γ̄s
j

SINRs
j(p)
≤ 1 + qsj , j = 1, . . . , Ls,

0 ≤ p ≤ p̄,
qs ≥ 0,

variables : p,qs,

(34)

where φ(qs) is a twice differentiable function that is used
to capture the energy-infeasibility tradeoff related to the
SINR margin variable qs. For example, by letting φ(qs) =
1−ω
ω 1�qs, (34) reduces to (28). The key idea to quantify the

benefits of the energy-infeasibility balance is this: A more
general function φ(qs) can be designed by reverse engineering
to study the tradeoff between the total energy consumption and
a maximal feasible set of secondary users through suitably
controlling the curvature of the function φ(qs).

Theorem 3: The optimal solution (p�,q�) and the dual
solution (ν�,λ�) in (34) satisfy:

p� = diag

(
γ̄

1+ q�

)
(Fp� + v), (35)

x� = F� diag

(
γ̄

1+ q�

)
x� + λ� + 1, (36)

λ�
l (p

�
l − p̄l) = 0, l = 1, . . . , Lm + Ls, (37)

and:

q�j

(
∂φ(q�)

∂qj
− ν�j

1 + q�j

)
= 0, j = Lm + 1, . . . , Lm + Ls.

(38)

Since (34) shares similar optimality conditions as that
of (28), the proof of Theorem 3 is similar to that of Theorem 1.
Also, a price-driven algorithm can be obtained by replacing
the iteration of max{νj(k)/(1 − ω), 1} in Algorithm 2 with
1+ qj(k), where qj(k) is a solution of the following equation
for a given νj(k) for j ∈ A(k):

qj(k)

(
∂φ(q(k))

∂qj
− νj(k)

1 + qj(k)

)
= 0. (39)

Using (39), we now deduce a particular φ(qs) that can be
used to control the maximal feasible set of secondary users
such that the total energy consumption (with the dynamic
admission of secondary users) does not exceed a given limit.
Suppose the network can tolerate at most an increase of
δ in the total energy consumption, then we can choose an
appropriate approximation to ‖qs‖0 using sensitivity analysis
in optimization theory. Using the Taylor series expansion,
the perturbation ũj leads to a change in the total energy
consumption f̃�(ũ) deviating from f̃�(0) by:

f̃�(ũjej)− f̃�(0) = −ũjν
�
j + o(ũj), (40)

where ej is the jth unit coordinate vector. Connecting to (34),
the total change in the total energy consumption due to the
perturbation of q� is given by:

Lm+Ls∑
j=Lm+1

∂φ(q)

∂qj

∣∣∣∣
q=q�

(1 + q�j ) log(1 + q�j ). (41)

Using the given constant bound δ and (41), we have:

∂φ(q)

∂qj
=

ξjδ

(1 + qj) log(1 + qj)
, j = Lm + 1, . . . , Lm + Ls,

(42)

where ξj ≥ 0 and
Lm+Ls∑
j=Lm+1

ξj = 1. Then integrating (42) yields:

φ(qs) = δ

Lm+Ls∑
j=Lm+1

ξj log log(1 + qj). (43)

Hence, the φ(qs) given by (43) can be used in (34) to
restrain the total energy consumption from exceeding δ. Note
that log(1 + qj) ≈ qj + ε when qj is relatively small
where ε is a small regularization constant. In particular, with
ξj = 1/Ls for all j, φ(qs) in (43) approximates as the function

δ

Lm+Ls∑
j=Lm+1

log(qj + ε) which incidentally can be viewed as a

(nonconvex) smooth surrogate for ‖qs‖0 [30].

VI. NUMERICAL EXAMPLES

In this section, we evaluate the performance of our algo-
rithms.

Example 1:
We compare our algorithms with the distributed power con-

trol algorithm with temporary removal and feasibility check
(DFC) in [21]. Although the model in [21] is the special
case for a single cell where the channel gain for each user
is the same Glj = Gjj , we use the same setup for the
convenience of comparison. The AWGN at the receiver, i.e.,
n = σ2, is assumed to be 5 × 10−15 W. The channel gain
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Fig. 4. The evolution of transmit power and SINR for the DFC algorithm
with proper initial point. The blue lines are the four supported users. The red
line is the removed secondary user.
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Fig. 5. The evolution of transmit power and SINR for Algorithm 1. The blue
lines are the four supported users. The red line is the removed secondary user.

is adopted from the well-known model Gjj = kd−4
j , where

dj is the distance between the jth transmitter and its receiver,
and k = 0.09 is the attenuation factor that represents power
variations due to path loss. The transmit power upper bounds
for all the users are the same, i.e., p̄l = 1 W for all l.
There are 5 users indexed by 1 to 5 with a distance vector
d = (300, 530, 740, 860, 910)�m, where each entry is the
distance of the corresponding receiver from its transmitter. The
SINR threshold vector is γ̄ = (0.40, 0.30, 0.35, 0.25, 0.25)�,
which is equivalent to γ̄ = (−4,−5.2,−4.6,−6,−6)�dB.
User 1 is the primary user (cannot be removed) while the
rest are the secondary users. These problem parameters make
(3) infeasible.
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Fig. 6. The evolution of transmit power and SINR for the constrained DPC
algorithm. The blue lines are the two supported users. The red lines are the
eight removed secondary users.

Fig. 4 shows the same simulation results of the DFC
algorithm as [21], which sets p5 = 0 W to switch off User 5 to
yield a solution p = (0.0061, 0.0483, 0.2063, 0.2904, 0)�W,
and the remaining four users satisfy their SINR thresholds.
Fig. 5 shows that Algorithm 1 obtains the same maximal
feasible set in terms of the cardinality. In particular, it yields
p = (0.0015, 0.0121, 0, 0.0728, 0.0912)�W, but User 3 is
removed instead of User 5. In comparison, our solution gives
an additional energy saving of 0.5511−0.1776

0.5511 ×100% = 67.8%.
The main reason is that the DFC algorithm greedily (with a
local view) removes the user that first hits the upper bound
of the transmit power, whereas Algorithm 1 relies on the
admission prices of all the users (with a slightly global view)
to make the admission control decision.

We also compare our solution with that obtained by the
algorithm in [20], which (also with a global view) removes
the user to maximize the minimum achievable SINR once the
user is removed, and both obtain the same solution.

Example 2:
We compare Algorithm 1 with the constrained DPC algo-

rithm in (9) for networks that have more general channel gains
Glj �= Gjj for all l �= j. We consider a network with 2
primary users (cannot be removed) and 8 secondary users. The
channel gains are generated randomly to make (3) infeasible.
The upper bounds of the power constraints and the SINR
thresholds are the same for all l, i.e., p̄l = 1 W and γ̄l = 0.5,
respectively.

Fig. 6 shows the evolution of the DPC algorithm where
the eight secondary users are transmitting at their maximum
power and yet cannot achieve the SINR thresholds. Once these
secondary users are all removed, the remaining two primary
users can achieve their SINR thresholds. Fig. 7 shows the evo-
lution of Algorithm 1 where there are altogether seven users
that can achieve their SINR thresholds after the {5, 3, 10}-th
users (which are the secondary users) are iteratively removed.
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Fig. 7. The evolution of transmit power and SINR for Algorithm 1. The
blue lines are the seven supported users. The red lines are the three removed
secondary users.

In comparison, the algorithm in [20] yields the same maximal
feasible set as ours by removing the {5, 10, 3}-th users. As
compared to the DPC algorithm, our algorithm increases the
system capacity from 20% to 70%.

Example 3:
It is possible to obtain different maximum feasible sets us-

ing different algorithms, as the maximum feasible set may not
be unique. Here, we compare the system capacity (equivalently
the outage probability) and the energy consumption using
different algorithms based on Monte-Carlo (MC) simulations
with at least 300 MC runs. For each MC run, transmitter
locations are uniformly drawn on a 2 Km × 2 Km square.
For each transmitter location, a receiver location is drawn
uniformly in a disc of radius 400 meters, excluding a radius
of 10 meters. The primary users (10% of all the users) are
randomly selected from all the users and the remaining ones
are the secondary users. All the upper bounds of transmit
power are fixed as p̄l = 1 W. The channel gains are calculated
by Glj = d−4

lj where dlj is the Euclidean distance between the
jth transmitter and the lth receiver. The receiver noise is set
as -60 dBm. In Fig. 8, Alg. 1 is our proposed Algorithm 1 in
Section III, Alg. 2 is our proposed Algorithm 2 in Section V,
Alg. [20] is the centralized removal algorithm in [20], and
Alg. [24] is the algorithm in [24] with the removal metric of
a secondary user z satisfying:

z = arg max
j∈A(k)

∑
l �=j

Gljp
e
j +

∑
l �=j

Gjlp
e
l , (44)

where A(k) is the set of secondary users at the kth iteration
and pel is the additional transmission power needed for the lth
user to attain its SINR threshold (in contrast to our removal
metric based on admission prices).

In terms of finding the maximal possible feasible set, Fig. 8
shows that Algorithm 1 and Algorithm 2 can outperform
the algorithm in [20] and the removal heuristic in (44) for
admission control when the number of users is large. The

10 20 30 40 50 60
0.4

0.5

O
ut

ag
e 

Pr
ob

ab
ili

ty

Performance for Different Number of Users

10 20 30 40 50 60
1.0

2.0

3.0

4.0

5.0

6.0

Total Number of Users

T
ot

al
 P

ow
er

 (
W

)

 

 

Alg. 1
Alg. 2
Alg. [20]
Alg. [24]

Fig. 8. Average outage probability and average total energy consumption
versus the total number of users. The lower bounds of all the SINR thresholds
are set to be the same, i.e., γ̄l = −6 dB for all l and the weight ω is set to
be 0.01.
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Fig. 9. Average outage probability and average convergence time for different
threshold T in a fifty-users example. The lower bounds of all the SINR
minimum thresholds are set to be the same, i.e., γ̄l = −8 dB for all l.

algorithm in [20] and the removal heuristic in (44) have a
smaller total energy consumption than that obtained by our
algorithms due to the fewer secondary users that are admitted.
This demonstrates the value of optimizing the admission prices
as compared to the metric in (44). Fig. 9 shows that the
convergence time becomes longer with a larger T , while
the outage probability tends to be smaller. When T is large
enough, we observe that Algorithm 1 and 2 always converge.
To illustrate the tuning of T , we set T = 16 by letting
the expected convergence time be T̄ = 340 and using an
empirically outage probability which is ro = 0.43.
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VII. CONCLUSION

We studied the energy-infeasibility problem for energy
minimization and secondary user spectrum access control in
a cognitive radio network subject to power budget and SINR
constraints. We formulated this problem as a vector-cardinality
optimization problem and used a sum-of-infeasibilities heuris-
tic to approximately solve the vector-cardinality optimization
problem. This led to (admission) price-driven algorithms that
jointly optimize the power and admission control. We also
studied the tradeoff in energy consumption and admitting
as many secondary users as possible. Numerical evaluations
showed that our algorithms were computationally fast and
converged to equilibrium that was near-optimal in terms of
finding the maximal feasible set of secondary users and mini-
mizing the energy consumption. As future work, we will study
the globally asymptotically convergence of our algorithms and
also extend these price-driven algorithms to the joint spectrum
access of both the primary and the secondary users.

APPENDIX

A. Proof of Lemma 1
From the constraint set of (3), we have:{
pl ≤ p̄l ⇒ 1

p̄l
e�l p ≤ 1, l = 1, . . . , Lm + Ls,

γ̄l

SINRl(p)
≤ 1 + ql ⇒ diag

(
γ̄

1+q

)
(Fp+ v) ≤ p,

⇒ diag
(

γ̄
1+q

)(
F+ 1

p̄l
ve�l

)
p ≤ p, l = 1, . . . , Lm + Ls,

where el denotes the lth unit coordinate vector. Let Hl =

diag
(

γ̄
1+q

)(
F+ 1

p̄l
ve�l

)
for all l. Note that Hl is a nonneg-

ative matrix that is irreducible whenever F is for all l. Using
Theorem 1.6 in [31] (Subinvariance Theorem), we deduce that:
Suppose that Hl is an irreducible nonnegative matrix and there
is a vector p ≥ 0 with p �= 0 satisfying Hlp ≤ p (implying
that (3) is feasible), then p > 0 and ρ(Hl) ≤ 1.

B. Proof of Theorem 1

Since (14) is a convex optimization problem, we derive its
KKT optimality conditions. We introduce nonnegative dual
variables (ν,λ,μ) and write the Lagrangian function of (14):

L(p̃,qs,ν,λ,μ) = 1�q−
Lm+Ls∑

l=1

νl log SINRl(e
p̃)− μ�qs

+

Lm+Ls∑

l=1

νl log γ̄l +

Lm+Ls∑

l=1

λl(e
p̃l − p̄l)−

Lm+Ls∑

l=1

νl log(1 + ql).

(45)
It is easy to obtain the KKT optimality conditions:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ν� ≥ 0,λ� ≥ 0,μ� ≥ 0,q� ≥ 0,

log γ̄l − log SINRl(e
p̃�

)− log(1 + q�l ) ≤ 0, ∀l,
ep̃

�
l − p̄l ≤ 0, l = 1, . . . , Lm + Ls,

ν�l (log γ̄l − log SINRl(e
p̃�

)− log(1 + q�l )) = 0, ∀l,
λ�
l (e

p̃�
l − p̄l) = 0, l = 1, . . . , Lm + Ls,

μ�
j q

�
j = 0, j = Lm + 1, . . . , Lm + Ls,

∂L
∂qj

= 1− μ�
j − ν�

j

1+q�j
= 0, j = Lm + 1, . . . , Lm + Ls,

∂L
∂p̃l

= λ�
l e

p̃�
l − ν�l +

⎛
⎝∑

i�=l

Gilν
�
i e

p̃�
l∑

j �=i Gije
p̃�
j + ni

⎞
⎠ = 0.

(46)

In particular, from the transformation p�l = ep̃
�
l and by defining

a new auxiliary variable x�
l = ν�l /p

�
l for all l, we obtain (15)-

(18).

C. Proof of Theorem 2

We prove the stability of Algorithm 1 by the Lyapunov’s
first method that checks the eigenvalues of the Jacobian of the
nonlinear dynamical system given in (20)-(25). Now, they can
be concisely expressed as the following nonlinear discrete-
time system:{

p(k + 1) = diag (max {ν(k),1})−1
(F̄p(k) + v̄),

x(k + 1) = F̄� diag (max {ν(k),1})−1
x(k),

(47)
where F̄ = diag(γ̄)F, v̄ = diag(γ̄)v, and νl(k) = pl(k)xl(k)
for all l. There exists a fixed-point [p;x] that satisfies (15)
and (19) since (14) has an optimal solution. Let z(k) =
[p(k);x(k)] and the vector p ◦ x denote the Schur product
of p and x. To show the local stability around the fixed-point
of (15)-(19), we will study a dynamical system given by:[

f1(p,x)
f2(p,x)

]
≤
[
diag (p ◦ x)−1

(F̄p+ v̄)

F̄� diag (p ◦ x)−1 x

]
. (48)

Taking the Jacobian (denoted by D) of the righthand-side (48),
we have:

D =

[
∂f1/∂p

� ∂f1/∂x
�

∂f2/∂p
� ∂f2/∂x

�

]∣∣∣∣
z=z�

=

[
diag (p ◦ x)−1

F̄ 0
0 0

]
−E diag ([p ◦ x;p ◦ x])−2

,

(49)
where:

E =

[
diag(F̄p+ v̄) diag(x) diag(F̄p+ v̄) diag(p)

F̄� diag(x2) 0

]
.

(50)
Let D̂ denote the matrix with entries |Dij |. Thus, from (49)

and after taking the absolute value on both sides, we have,
elementwise:

D̂ ≤
[
diag (p ◦ x)−1

F̄ 0
0 0

]
+E diag ([p ◦ x;p ◦ x])−2

.

(51)
Using Lemma 1 and Corollary 1.5 in [32] which states that
ρ(A) ≤ ρ(B) for nonnegative matrices A and B satisfying
A ≤ B, we get the inequalities:

ρ
(
diag (p ◦ x)−1 F̄

)
≤ ρ

(
diag

(
γ̄

1+q

)
F
)

< ρ
(
diag

(
γ̄

1+q

)(
F+ 1

p̄l
ve�l

))
≤ 1.

(52)
Therefore, we have ρ(D) ≤ ρ(D̂) < 1 once p◦x is sufficiently
large enough, i.e., the admission price becomes large. By the
Lyapunov’s linearization theorem (cf. Chapter 4 in [29]), the
nonlinear map in (48) is locally asymptotically stable if the
mapping from z(k) to z(k + 1) has a Jacobian matrix D,
where ρ(D) < 1.

The inclusion of T for the inner loop stopping criteria is
discussed in the subsection IV-B. Assuming that the initial
point for Algorithm 1 is sufficiently close to a local asymptot-
ically fixed point, then Algorithm 1 is guaranteed to converge
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since (21) is similar to (9) once the constraint set becomes
feasible in (3).

REFERENCES

[1] B. Wang and K. J. R. Liu, “Advances in cognitive radio networks: A
survey,” IEEE J. Sel. Topics Signal Process., vol. 5, no. 1, pp. 5–23,
Feb. 2011.

[2] I. F. Akyildiz, W.-Y. Lee, M. C. Vuran, and S. Mohanty, “A survey
on spectrum management in cognitive radio networks,” IEEE Commun.
Mag., vol. 46, no. 4, pp. 40–48, Apr. 2008.

[3] Y. Pei, Y.-C. Liang, K. C. Teh, and K. H. Li, “Energy-efficient design
of sequential channel sensing in cognitive radio networks: Optimal
sensing strategy, power allocation, and sensing order,” IEEE J. Sel. Areas
Commun., vol. 29, no. 8, pp. 1648–1659, Sep. 2011.

[4] M. Chiang, P. Hande, T. Lan, and C. W. Tan, “Power control in wireless
cellular networks,” Foundations Trends Netw., vol. 2, no. 4, pp. 381–533,
2008.

[5] G. J. Foschini and Z. Miljanic, “A simple distributed autonomous power
control algorithm and its convergence,” IEEE Trans. Veh. Technol.,
vol. 42, no. 4, pp. 641–646, Nov. 1993.

[6] R. D. Yates, “A framework for uplink power control in cellular radio
systems,” IEEE J. Sel. Areas Commun., vol. 13, no. 7, pp. 1341–1347,
Sep. 1995.

[7] N. Bambos, S. C. Chen, and G. J. Pottie, “Channel access algorithms
with active link protection for wireless communication networks with
power control,” IEEE/ACM Trans. Netw., vol. 8, no. 5, pp. 583–597,
Oct. 2000.

[8] C. W. Tan, D. P. Palomar, and M. Chiang, “Energy-robustness tradeoff
in cellular network power control,” IEEE/ACM Trans. Netw., vol. 17,
no. 3, pp. 912–925, June 2009.

[9] ——, “Exploiting hidden convexity for flexible and robust resource
allocation in cellular networks,” in Proc. IEEE INFOCOM, 2007.

[10] M. M. Buddhikot, “Understanding dynamic spectrum access: Models,
taxonomy and challenges,” in Proc. IEEE DySPAN, 2007.

[11] S. J. Shellhammer, A. K. Sadek, and W. Zhang, “Technical challenges
for cognitive radio in the TV white space spectrum,” in Proc. Inf. Theory
Appl. Workshop, 2009.

[12] R. Etkin, A. Parekh, and D. Tse, “Spectrum sharing for unlicensed
bands,” IEEE J. Sel. Areas Commun., vol. 25, no. 3, pp. 517–528, Apr.
2007.

[13] C. W. Tan, S. Friedland, and S. H. Low, “Spectrum management in
multiuser cognitive wireless networks: Optimality and algorithm,” IEEE
J. Sel. Areas Commun., vol. 29, no. 2, pp. 421–430, Feb. 2011.

[14] S. Sorooshyari, C. W. Tan, and M. Chiang, “Power control for cognitive
radio networks: Axioms, algorithms, and analysis,” IEEE/ACM Trans.
Netw., vol. 20, no. 3, pp. 878–891, June 2012.

[15] T. Elbatt and A. Ephremides, “Joint scheduling and power control for
wireless ad hoc networks,” IEEE Trans. Wireless Commun., vol. 3, no. 1,
pp. 74–85, Jan. 2004.

[16] J. W. Chinneck, “Fast heuristics for the maximum feasible subsystem
problem,” INFORMS J. Comput., vol. 13, no. 3, pp. 210–223, June 2001.

[17] W. Ren, Q. Zhao, and A. Swami, “Power control in cognitive radio
networks: How to cross a multi-lane highway,” IEEE J. Sel. Areas
Commun., vol. 27, no. 7, pp. 1283–1296, Sep. 2009.

[18] S. E. Nai, T. Q. S. Quek, and M. Debbah, “Slow admission and power
control for small cell networks via distributed optimization,” in Proc.
IEEE WCNC, 2013.

[19] C. W. Tan, “Optimal power control in Rayleigh-fading heterogeneous
networks,” in Proc. IEEE INFOCOM, 2011.

[20] H. Mahdavi-Doost, M. Ebrahimi, and A. K. Khandani, “Characterization
of SINR region for interfering links with constrained power,” IEEE
Trans, Inf, Theory, vol. 56, no. 6, pp. 2816–2828, June 2010.

[21] M. Rasti, A. R. Sharafat, and J. Zander, “Pareto and energy-efficient
distributed power control with feasibility check in wireless networks,”
IEEE Trans. Inf. Theory, vol. 57, no. 1, pp. 245–255, Jan. 2011.

[22] E. Matskani, N. D. Sidiropoulos, Z.-Q. Luo, and L. Tassiulas, “Convex
approximation techniques for joint multiuser downlink beamforming and
admission control,” IEEE Trans. Wireless Commun., vol. 7, no. 7, pp.
2682–2693, July 2008.

[23] Y.-F. Liu, Y.-H. Dai, and Z.-Q. Luo, “Joint power and admission control
via linear programming deflation,” in Proc. IEEE ICASSP, 2012.

[24] I. Mitliagkas, N. D. Sidiropoulos, and A. Swami, “Joint power and
admission control for ad-hoc and cognitive underlay networks: Convex
approximation and distributed implementation,” IEEE Trans. Wireless
Commun., vol. 10, no. 12, pp. 4110–4121, Dec. 2011.

[25] S. Parsaeefard and A. R. Sharafat, “Robust distributed power control in
cognitive radio networks,” IEEE Trans. Mobile Comput., vol. 12, no. 4,
pp. 609–620, Apr. 2013.

[26] S. Huang, X. Liu, and Z. Ding, “Decentralized cognitive radio control
based on inference from primary link control information,” IEEE J. Sel.
Areas Commun., vol. 29, no. 2, pp. 394–406, Feb. 2011.

[27] P. Phunchongharn and E. Hossain, “Distributed robust scheduling and
power control for cognitive spatial-reuse TDMA networks,” IEEE J. Sel.
Areas Commun., vol. 30, no. 10, pp. 1934–1946, Nov. 2012.

[28] S. Boyd and L. Vandenberghe, Convex Optimization. Cambridge, UK:
Cambridge University Press, 2004.

[29] R. M. Murray, Z. Li, and S. S. Sastry, A Mathematical Introduction to
Robotic Manipulation. Boca Raton, FL: CRC Press, 1994.

[30] M. Fazel, H. Hindi, and S. Boyd, “Log-det heuristic for matrix rank min-
imization with applications to Hankel and Euclidean distance matrices,”
in Proc. American Control Conf., 2003.

[31] E. Seneta, Non-negative Matrices and Markov Chains. New York:
Springer Verlag, 1981.

[32] A. Berman and R. J. Plemmons, Nonnegative Matrices in the Mathe-
matical Sciences. Academic Press, 1979.

Xiangping Zhai received the bachelor’s degree in
engineering from the Department of Computer Sci-
ence and Technology, Shandong University, Jinan,
China, in 2006. He is pursuing his Ph.D. degree at
the City University of Hong Kong.

His research interests are in wireless networks,
power control, distributed computing, and game
theory.

Liang Zheng received the bachelor’s degree in
software engineering from Sichuan University,
Chengdu, China, in 2011. She is pursuing her Ph.D.
degree at the City University of Hong Kong.

Her research interests are in wireless networks,
mobile computing, and nonlinear optimization and
its applications. In 2013, she was a Finalist for the
Microsoft Research Asia Fellowship.

Chee Wei Tan (M’08-SM’12) received the M.A.
and Ph.D. degrees in electrical engineering from
Princeton University, Princeton, NJ, in 2006 and
2008, respectively. He is an Assistant Professor at
the City University of Hong Kong. Previously, he
was a Postdoctoral Scholar at the California Institute
of Technology (Caltech), Pasadena, CA. He was
a Visiting Faculty member at Qualcomm R&D,
San Diego, CA, in 2011. His research interests are
in wireless and broadband communications, signal
processing, and nonlinear optimization.

Dr. Tan currently serves as an Editor for the IEEE TRANSACTIONS ON
COMMUNICATIONS. He was the recipient of the 2008 Princeton University
Wu Prize for Excellence and received the 2011 IEEE Communications Society
AP Outstanding Young Researcher Award. He was a selected participant
at the U.S. National Academy of Engineering China-America Frontiers of
Engineering Symposium in 2013.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Cadmus MediaWorks settings for Acrobat Distiller 8)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


