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Abstract—We consider the power efficiency optimization prob-
lem in the cognitive radio (CR) networks under both the average
packet delay constraints of each CR transmitter (CR-Tx) and
the interference constraint at primary receiver (PU-Rx). We
propose a cooperative approach to make each CR-Tx know the
interference level at the PU-Rx when there is no central control
node in the network and no assistant sensors are deployed to
do the interference measuring jobs. The power control problem
is proved to be a convex problem. Since the powers of CR-
Tx nodes are coupled in constraints, we apply the Lagrange
relaxation of the coupling constraints method and construct the
subgradient iterative algorithm to solve the dual problem in a
distributed way. To reduce the payload of the message exchange
at each iterative process, an improved algorithm is proposed that
could be implemented through Lagrange dual decomposition.
Numerical results show that the two algorithms can converge
very fast. When the delay constraints of CR users are not very
small, it is better to apply the improved algorithm which has a
good performance but with a much lower complexity.

I. INTRODUCTION

Cognitive radio (CR) users have two spectrum access
strategies: overlay model and underlay model [1]. In the
underlay model, CR users share the same frequency bands
with primary users but should keep the interference to primary
receiver (PU-Rx) under a threshold that PU-Rx can tolerate.
Power control plays a key role in reducing the interference in
wireless communication. Intuitively, we need to design power
control algorithms to satisfy the primary user interference
constraints [1]. The information of the interference level at PU-
Rx is critical for CR users to adaptively adjust their powers.
However, how to attain this information is a difficult problem.
Haykin in [2] showed that some assistant sensors should be
deployed near the PU-Rx in the networks to do the interference
measuring jobs. Nevertheless, the deployment of the assistant
nodes has no advantage in economics.

Unlike the traditional networks in which there are base
stations or central control nodes, the cognitive nodes which
are deployed in particular environments are usually distributed
without any centralized nodes to do coordinating jobs, there-
fore it is critical to design and apply distributed power control
algorithms (DPC) [3][4][5]. Gatsis et al. in [3] constructed
a convex objective utility function and designed the DPC
algorithm to maximize the throughput of CR users under delay
constraints. In [4], Jin et al. studied the DPC algorithm to
maximize the throughput of CR users in a CR network with a
base station serving both primary users and CR users. Huang

et al. in [5] proposed a strategy that CR users listen to the
feedback channel of PU-Rx to calculate the outage probability
of PU-Rx and upon this information, an estimation of their
interference to PU-Rx can be derived by CR users. Based on
this strategy, they designed a DPC algorithm to maximize the
CR users’ throughput.

In the CR networks with energy limited CR nodes, mini-
mizing the node power consumption to improve the energy
efficiency has a great significance in practice. Despite the
objectives in [3]-[5] are to maximize the CR users’ throughput,
in this paper, our optimization objective is to minimize the
total transmit power of all CR-Tx nodes under both the delay
constraints of each CR-Tx and the interference constraint at
PU-Rx. Our interest is to design a DPC algorithm in the CR
networks without any central control node.

The main contributions of this paper go into three aspects.
First, we propose a distributed and cooperative strategy to
make each CR-Tx know the interference at PU-Rx instead
of deploying assistant measuring sensors. Second, we prove
that the power control problem is a convex optimization
problem. A subgradient iterative algorithm is constructed to
solve the dual problem based on the Lagrange relaxation
of the coupling constraints method [6]. Third, to reduce the
payload of message exchange at each iterative process, an
improved DPC algorithm is also proposed based on Lagrange
dual decomposition theory.

The rest of this paper is organized as follows. Section II
presents the system model and basic assumptions. In Section
III, we formulate the power control problem as a convex
optimization problem. Subgradient iterative algorithm is con-
structed in Section IV to solve the dual problem based on
the Lagrange relaxation of coupling constraints method. In
Section V, an improved algorithm is proposed to reduce the
complexity in implementing the DPC problem. Numerical
results are provided in section VI to show the performance
of the algorithms. Finally, section VII concludes the paper.

II. SYSTEM MODEL

We consider a CR network without any central control node.
Each CR node is powered by a battery and equipped with a
finite buffer to store the data. There are 𝑀 CR user links
which are randomly distributed in an area that is away from
the one primary user link just as the illustration in Fig. 1.
There is no information exchange between primary users and
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Fig. 1. The cognitive radio network is comprised by 𝑀 CR links which are
randomly distributed in an area away from the primary link. The CR users
could access the spectrum designated for the primary users so long as the
interference to PU-Rx does not exceed the maximum level that the PU-Rx
can tolerate.

CR users. The CR nodes access the spectrum in the underlay
model, which means that CR nodes are allowed to work on the
same frequency bands designated for primary users, so long
as the interference generated by CR nodes to primary users
should not exceed the maximum level that primary users can
tolerate.

To depict the interference at the PU-Rx, the interference
temperature model [7] recently has been introduced by FCC.
Let 𝐼 denote the maximum amount of interference the PU-
Rx can tolerate, then 𝐼 can be written as the product of
interference temperature limit 𝑇𝑚 and Boltzman’s constant 𝜉,
i.e. 𝐼 = 𝜉𝑇𝑚. In underlay model, the most important constraint
is that the interference generated by all CR-Txs should not
exceed 𝐼 , i.e.,

𝑀∑
𝑖=1

𝐺𝑃𝑅𝑖𝑃𝑖 ≤ 𝐼, (1)

where 𝐺𝑃𝑅𝑖 denote the channel gain between the CR-Tx of
link 𝑖 and PU-Rx, and 𝑃𝑖 represents the transmit power of
CR-Tx of link 𝑖.

The signal-to-interference-noise-ratio (SINR) at the CR-Rx
of link 𝑖 is

𝑆𝐼𝑁𝑅𝑖 =
𝐺𝑖𝑖𝑃𝑖

𝑀∑
𝑗 ∕=𝑖

𝐺𝑖𝑗𝑃𝑗 +𝐺𝑖𝑃𝑇𝑃𝑃𝑇 + 𝑛𝑖

, (2)

where 𝐺𝑖𝑖 denotes the channel gain of the CR user link 𝑖. 𝐺𝑖𝑗

denotes the channel gain between CR-Tx of link 𝑗 and CR-
Rx of link 𝑖. The channel gain between primary transmitter
(PU-Tx) and CR-Rx of link 𝑖 is denoted by 𝐺𝑖𝑃𝑇 . 𝑃𝑃𝑇 is the
transmit power of primary transmitter (PU-Tx), and 𝑛𝑖 is the
background noise at the CR-Rx of link 𝑖.

The transmit rate 𝑅𝑖 of CR-Tx is a variable which is cor-
related to the node modulation scheme and the simultaneous
𝑆𝐼𝑁𝑅𝑖 at receiver. According to [8], we have

𝑅𝑖 =
1

𝑇
log2 (1 +𝐾 ⋅ 𝑆𝐼𝑁𝑅𝑖) , (3)

where 𝑇 is the symbol period and 𝐾 is a constant which is
correlated to modulation scheme and bit error rate (BER).

The packets arrived at CR-Tx of link 𝑖 will be firstly added
into the queue and then be transmitted to its CR-Rx at a rate
𝑅𝑖. The packets arrival process of link 𝑖 is assumed to be a
Poisson distribution with parameter 𝜆𝑖. The packets length has
an exponential distribution with parameter ℓ𝑖. A FIFO queuing
discipline and 𝑀/𝑀/1 queue model are used in this paper
for analysis. According to [9], we can get the expected packet
delay at CR-Tx of link 𝑖 as below:

𝐷𝑖 = 1/(ℓ𝑖𝑅𝑖 − 𝜆𝑖). (4)

We assume that the average arrival rate is smaller than the
average transmission rate, thus the queue will be stable [9].

III. PROBLEM FORMULATION

In this section, we will give the power control problem and
prove it to be a convex optimization problem.

We assume there is a maximum delay bound constraint
denoted by 𝐷𝑖,max for CR-Tx node of link 𝑖, i.e. 𝐷𝑖 ≤ 𝐷𝑖,max.
Thus, by substituting (3) in (4) we can get

𝐼𝑆𝑅𝑖 ≤ 𝐾
/(

2𝑇(𝐷
−1
𝑖,max+𝜆𝑖)/ℓ𝑖 − 1

)
, (5)

where 𝐼𝑆𝑅𝑖 is the inverse of the 𝑆𝐼𝑁𝑅𝑖. For simplicity, we
define Δ𝑖

Δ
= 𝐾

/(
2𝑇(𝐷

−1
𝑖,max+𝜆𝑖)/ℓ𝑖 − 1

)
, which is a constant

when all the parameters of link 𝑖 are fixed.
Our optimization objective is to minimize the total CR-Tx

transmit power of all links under both the average packet delay
constraints of each CR-Tx and the interference constraint at
PU-Rx. The optimization problem can be written as:

min
𝑀∑
𝑖=1

𝑃𝑖

s.t. 0 ≤ 𝑃𝑖 ≤ 𝑃max ∀𝑖
𝑀∑
𝑖=1

𝐺𝑃𝑅𝑖𝑃𝑖 ≤ 𝐼

𝑀∑

𝑗 ∕=𝑖

𝐺𝑖𝑗𝑃𝑗+𝐺𝑖𝑃𝑇𝑃𝑃𝑇+𝑛𝑖

𝐺𝑖𝑖𝑃𝑖
≤ Δ𝑖 ∀𝑖,

(6)

where 𝑃max is the maximum transmit power of CR-Tx.
Proposition 1: The power control problem (6) is a convex

optimization problem in {𝑃𝑖}.
Proof: According to [10], we introduce a new variable

𝑦𝑖 = log𝑃𝑖, thus 𝑃𝑖 = exp (𝑦𝑖). The optimization objective

function in (6) is transformed as
𝑀∑
𝑖=1

exp (𝑦𝑖) which is convex

in {𝑦𝑖} as the sum-exp function is a convex function. The
first constraint in (6) is transformed as exp (𝑦𝑖) ≤ 𝑃max,
which is also convex in {𝑦𝑖}. The second constraint in (6)

is transformed as
𝑀∑
𝑖=1

𝐺𝑃𝑅𝑖 exp (𝑦𝑖) ≤ 𝐼 . The left part of the

inequality is a sum-exp function in {𝑦𝑖}, thus is convex [10].
The transmit power of PU-Tx can be assumed to be fixed and
its interference to each CR-Rx is an approximate constant.
So for simplicity, we combine the interference generated by



PU-Tx with the background noise at CR-Rx of link 𝑖 as
𝑁𝑖

Δ
= 𝐺𝑖𝑃𝑇𝑃𝑃𝑇 + 𝑛𝑖.

We assume that each CR-Rx has the capability to estimate
the interference generated by CR-Tx of other links, i.e., 𝑍𝑖 =
𝑀∑
𝑗 ∕=𝑖

𝐺𝑖𝑗𝑃𝑗 , where 𝑍𝑖 is an auxiliary variable. By introduce a

new variable 𝑧𝑖 = log𝑍𝑖, we have exp (𝑧𝑖) =
𝑀∑
𝑗 ∕=𝑖

𝐺𝑖𝑗 exp (𝑦𝑗)

and the third constraint in (6) can be transformed as:

𝑀∑
𝑗 ∕=𝑖

𝐺𝑖𝑗𝑃𝑗 +𝐺𝑖𝑃𝑇𝑃𝑃𝑇 + 𝑛𝑖

𝑃𝑖

= exp (𝑧𝑖 − 𝑦𝑖) +𝑁𝑖 exp (−𝑦𝑖) ≤ Δ𝑖𝐺𝑖𝑖.

(7)

The left part of the inequality (7) is nonnegative sum of
exponential function with affine mappings, which is convex
in {𝑦𝑖} and {𝑧𝑖} according to [10].

Since the objective function and the constraint functions are
all convex, problem (6) is a convex optimization problem.

Therefore, the power control problem (6) can be rewritten
as the following convex problem:

min
𝑀∑
𝑖=1

exp (𝑦𝑖)

s.t. exp (𝑦𝑖) ≤ 𝑃max ∀𝑖
𝑀∑
𝑖=1

𝐺𝑃𝑅𝑖 exp (𝑦𝑖) ≤ 𝐼

log (exp (−𝑦𝑖) (exp (𝑧𝑖) +𝑁𝑖)) ≤ logΔ𝑖𝐺𝑖𝑖 ∀𝑖
exp (𝑧𝑖) =

𝑀∑
𝑗 ∕=𝑖

𝐺𝑖𝑗 exp (𝑦𝑗) ∀𝑖.
(8)

IV. DISTRIBUTED POWER CONTROL ALGORITHM

The power control problem (8) could be solved by solving
its dual problem. In this section, we will construct the subgra-
dient iterative algorithm to solve the dual problem.

The Lagrange function of problem (8) is:

𝐿 ({𝑦𝑖} , {𝑧𝑖} , {𝜇𝑖} , 𝜈, {𝜁𝑖} , {𝛾𝑖𝑗})

=

𝑀∑
𝑖=1

exp (𝑦𝑖) +

𝑀∑
𝑖=1

𝜇𝑖 (exp (𝑦𝑖)− 𝑃max)

+ 𝜈

(
𝑀∑
𝑖=1

𝐺𝑃𝑅𝑖 exp (𝑦𝑖)− 𝐼

)

+

𝑀∑
𝑖=1

𝜁𝑖 (log (exp (−𝑦𝑖) (exp (𝑧𝑖) +𝑁𝑖))− logΔ𝑖𝐺𝑖𝑖)

+

𝑀∑
𝑖=1

𝛾𝑖𝑗

⎛
⎝ 𝑀∑

𝑗 ∕=𝑖

𝐺𝑖𝑗 exp (𝑦𝑗)− exp (𝑧𝑖)

⎞
⎠, (9)

where {𝜇𝑖}, 𝜈, and {𝜁𝑖} are Lagrange multipliers and {𝛾𝑖𝑗}
are the consistency prices.

The objective function in problem (6) is decomposable
and the third coupled constraint has been decomposed by
introducing auxiliary variables and equality constraints. The

powers of CR-Tx are only coupled in the second constraint.
Therefore, we can apply the decomposition method of La-
grange relaxation of the coupling constraint which is proposed
in [6], and construct the subgradient algorithm to solve the
dual problem. The dual function of (8) is

𝑞 ({𝜇𝑖} , 𝜈, {𝜁𝑖} , {𝛾𝑖𝑗})

=

𝑀∑
𝑖=1

min
𝑦𝑖,𝑧𝑖

𝐿𝑖 (𝑦𝑖, 𝑧𝑖, 𝜇𝑖, 𝜈, 𝜁𝑖, {𝛾𝑖𝑗})

−
𝑀∑
𝑖=1

𝜇𝑖𝑃max − 𝜈𝐼 −
𝑀∑
𝑖=1

𝜁𝑖 logΔ𝑖𝐺𝑖𝑖, (10)

where

𝐿𝑖 (𝑦𝑖, 𝑧𝑖, 𝜇𝑖, 𝜈, 𝜁𝑖, {𝛾𝑖𝑗})
= exp (𝑦𝑖) + 𝜇𝑖 exp (𝑦𝑖) + 𝜈𝐺𝑃𝑅𝑖 exp (𝑦𝑖)

+ 𝜁𝑖 log (exp (−𝑦𝑖) (exp (𝑧𝑖) +𝑁𝑖))

+

⎛
⎝ 𝑀∑

𝑗 ∕=𝑖

𝛾𝑗𝑖𝐺𝑗𝑖

⎞
⎠ exp (𝑦𝑖)− 𝛾𝑖𝑗 exp (𝑧𝑖) . (11)

The dual problem of (8) is given by:

max 𝑞 ({𝜇𝑖} , 𝜈, {𝜁𝑖} , {𝛾𝑖𝑗})
s.t. 𝜇𝑖 ≥ 0, 𝜈 ≥ 0, 𝜁𝑖 ≥ 0, ∀𝑖. (12)

According to convex optimization theory [10], when all con-
straints of optimization problem (8) are satisfied, the optimal
solution does exist. The problem (8) is a convex optimization
problem, thus strong duality holds, i.e., the duality gap be-
tween primal problem and dual problem is zero. According
to KKT condition [10], the optimal transmit power of each
CR-Tx can be obtained through the following equation:

∂𝐿𝑖 (𝑦𝑖, 𝑧𝑖, 𝜇𝑖, 𝜈, 𝜁𝑖, {𝛾𝑖𝑗})
∂𝑦𝑖

= 0, (13)

and the solution is

𝑃 ∗𝑖 = exp (𝑦𝑖) =
𝜁𝑖

1 + 𝜇𝑖 + 𝜈𝐺𝑃𝑅𝑖 +
𝑀∑
𝑗 ∕=𝑖

𝛾𝑗𝑖𝐺𝑗𝑖

. (14)

The dual problem can be solved using subgradient method
[6]. We construct the subgradient iteration algorithm to update
the Lagrange multipliers and consistency prices as follows:

𝜇𝑖 (𝑡) = [𝜇𝑖 (𝑡− 1) + 𝛼 (𝑡) (exp (𝑦𝑖)− 𝑃max)]
+
, (15)

𝜈 (𝑡) = [𝜈 (𝑡− 1) + 𝛽 (𝑡) (𝐼𝑃𝑈 − 𝐼)]
+
, (16)

𝜁𝑖 (𝑡) = [𝜁𝑖 (𝑡− 1) + 𝜙 (𝑡) (log (𝐼𝑆𝑅𝑖)− log (Δ𝑖𝐺𝑖𝑖))]
+
,

(17)

𝛾𝑖𝑗 (𝑡) = 𝛾𝑖𝑗 (𝑡− 1) + 𝜂 (𝑡) (𝐼𝐶𝑅𝑖
− exp (𝑧𝑖)) , (18)

where [𝑥]
+

= max {𝑥, 0}, 𝑡 denotes the iteration time and
𝛼 (𝑡), 𝛽 (𝑡), 𝜙 (𝑡), 𝜂 (𝑡) are the step sizes. Here, we define

𝐼𝑃𝑈 =
𝑀∑
𝑖=1

𝐺𝑃𝑅𝑖 exp (𝑦𝑖) to represent the the total interference

generated by all CR-Tx nodes to PU-Rx. Define 𝐼𝑆𝑅𝑖 =
exp (−𝑦𝑖) (exp (𝑧𝑖) +𝑁𝑖) to represent the inverse of 𝑆𝐼𝑁𝑅𝑖



at CR-Rx node of link 𝑖, which can be measured by CR-

Tx node of link 𝑖 locally. Define 𝐼𝐶𝑅𝑖
=

𝑀∑
𝑗 ∕=𝑖

𝐺𝑖𝑗 exp (𝑦𝑗) to

denote the interference generated by CR-Tx of other links to
CR-Rx of link 𝑖, which can be estimated by CR-Rx node of
link 𝑖 locally. Thus, iteration (17) could be carried out at each
CR-Rx node with local information.

To update iteration (16), we need to know the interference
𝐼𝑃𝑈 at PU-Rx. Haykin in [2] proposed that some sensors
could be deployed near the PU-Rx to do the interference
measuring job. However, this approach has no advantage in
economics and is not suitable for PU-Rx whose position is
mobile. In pratice, each CR-Tx could estimate the channel
gain 𝐺𝑃𝑅𝑖 by listening the feedback signals, like ACK/NACK,
which are transmitted by PU-Rx to PU-Tx under the open
wireless envrionment1. Then, each CR-Tx broadcasts channel
gain 𝐺𝑃𝑅𝑖 and its power value 𝑃𝑖 (𝑡). Consequently, all the
CR-Tx can calculate the total interference at the PU-Rx and
the iteration (16) can be carried out at each CR-Tx node.

The auxiliary variable 𝑧𝑖 in iteration (18) can be achieved
according to KKT necessary condition [10] through the fol-
lowing equation:

∂𝐿𝑖 (𝑦𝑖, 𝑧𝑖, 𝜇𝑖, 𝜈, 𝜁𝑖, {𝛾𝑖𝑗})
∂𝑧𝑖

= 0, (19)

and the solution is exp (𝑧𝑖) = 𝜁𝑖/𝛾𝑖𝑗 −𝑁𝑖.
The consistency price 𝛾𝑖𝑗 (𝑡), channel gains 𝐺𝑃𝑅𝑖, 𝐺𝑗𝑖 and

power 𝑃𝑖 (𝑡) are all broadcasted at each iterative process. We
summarize the Standard Distributed Power Control (S-DPC)
Algorithm as below:

Algorithm 1 Standard Distributed Power Control (S-DPC)
1. Initialization:

𝑡 = 0;
0 ≤ 𝑃𝑖 (0) ≤ 𝑃max, 𝜇𝑖 (0) > 0, 𝜈 (0) > 0, 𝜁𝑖 (0) > 0, 𝛾𝑖𝑗 (0) > 0;∀𝑖

2.Algorithm at the CR-Rx of link 𝑖
1) Measure the interference 𝐼𝐶𝑅𝑖

generated by CR-Txs of other links
and 𝑆𝐼𝑁𝑅𝑖; Estimate the channel gains {𝐺𝑖𝑗}

2) Calculate exp (𝑧𝑖) = 𝜁𝑖 (𝑡− 1)/𝛾𝑖𝑗 (𝑡− 1)−𝑁𝑖

3) Update the Lagrange multiplier 𝜁𝑖 and consistency price 𝛾𝑖𝑗
according to (17) and (18) respectively

4) Transmit 𝜁𝑖 (𝑡) to CR-Tx of link 𝑖; Broadcast 𝛾𝑖𝑗 (𝑡) and {𝐺𝑖𝑗}
3. Algorithm at the CR-Tx of link 𝑖

1) Estimate channel gain 𝐺𝑃𝑅𝑖 and receive
{
𝐺𝑃𝑅𝑗

}
𝑗 ∕=𝑖

, {𝑃𝑗}𝑗 ∕=𝑖

to calculate the total interference 𝐼𝑃𝑈 at PU-Rx; Receive Lagrange
multiplier 𝜁𝑖, consistency prices {𝛾𝑗𝑖}𝑗 ∕=𝑖, channel gains {𝐺𝑗𝑖}𝑗 ∕=𝑖

2) Update Lagrange multipliers 𝜇𝑖 and 𝜈 according to (15) and (16)
respectively

3) Calculate the power value of CR-Tx

𝑃𝑖 (𝑡) =
𝜁𝑖(𝑡−1)

1+𝜇𝑖(𝑡−1)+𝜈(𝑡−1)𝐺𝑃𝑅𝑖+
𝑀∑

𝑗 ∕=𝑖
𝛾𝑗𝑖(𝑡−1)𝐺𝑗𝑖

4) Broadcast 𝐺𝑃𝑅𝑖 and 𝑃𝑖 (𝑡)

The subgradient iterative algorithm is guaranteed to con-
verge to the optimal value provided that the step sizes are
sufficiently small [6].

1We assume that the pilot information and transmit power of PU-Rx are
priori to CR-Tx. The channel gain 𝐺𝑗𝑖 can also be estimated by CR-Rx of
link 𝑗 locally in a similar way.

V. IMPROVED ALGORITHM

In the S-DPC algorithm, to achieve the interference informa-
tion at PU-Rx, each CR-Tx node has to broadcast the channel
gain between itself and PU-Rx with transmit power value to all
other CR-Tx nodes. The broadcast information would increase
the message exchange burden and more time would be costed
before the convergence of the algorithm. Therefore, in this
section we propose an improved algorithm with much fewer
message exchange.

The main idea of the improved DPC (I-DPC) algorithm is
to divide the maximum interference level 𝐼 that PU-Rx can
tolerate into 𝑀 parts equally, where 𝑀 is the number of CR
links in the network. Each CR-Tx makes sure that its inter-
ference to PU-Rx would not exceed 𝐼/𝑀 . The optimization
problem can be written as follows:

min
𝑀∑
𝑖=1

exp (𝑦𝑖)

s.t. exp (𝑦𝑖) ≤ 𝑃max ∀𝑖
log (𝐺𝑃𝑅𝑖 exp (𝑦𝑖)) ≤ log (𝐼/𝑀) ∀𝑖
log (exp (−𝑦𝑖) (exp (𝑧𝑖) +𝑁𝑖)) ≤ logΔ𝑖𝐺𝑖𝑖 ∀𝑖
exp (𝑧𝑖) =

𝑀∑
𝑗 ∕=𝑖

𝐺𝑖𝑗 exp (𝑦𝑗) ∀𝑖.
(20)

Different from problem (8), the powers of CR-Tx nodes
are no longer coupled in problem (20), thus it can be solved
through the Lagrange dual decomposition method [11][12].
The dual function of (20) is

𝑞 ({𝜇𝑖} , {𝜈𝑖} , {𝜁𝑖} , {𝛾𝑖𝑗})

=

𝑀∑
𝑖=1

min
𝑦𝑖,𝑧𝑖

𝐿𝑖 (𝑦𝑖, 𝑧𝑖, 𝜇𝑖, 𝜈𝑖, 𝜁𝑖, {𝛾𝑖𝑗})

−
𝑀∑
𝑖=1

{𝜇𝑖𝑃max + 𝜈𝑖 log (𝐼/𝑀) + 𝜁𝑖 logΔ𝑖𝐺𝑖𝑖}, (21)

where

𝐿𝑖 (𝑦𝑖, 𝑧𝑖, 𝜇𝑖, 𝜈𝑖, 𝜁𝑖, {𝛾𝑖𝑗})
= exp (𝑦𝑖) + 𝜇𝑖 exp (𝑦𝑖) + 𝜈𝑖 log (𝐺𝑃𝑅𝑖 exp (𝑦𝑖))

+ 𝜁𝑖 log (exp (−𝑦𝑖) (exp (𝑧𝑖) +𝑁𝑖))

+

⎛
⎝ 𝑀∑

𝑗 ∕=𝑖

𝛾𝑗𝑖𝐺𝑗𝑖

⎞
⎠ exp (𝑦𝑖)− 𝛾𝑖𝑗 exp (𝑧𝑖) . (22)

The dual problem is

max 𝑞 ({𝜇𝑖} , {𝜈𝑖} , {𝜁𝑖} , {𝛾𝑖𝑗})
s.t. 𝜇𝑖 ≥ 0, 𝜈𝑖 ≥ 0, 𝜁𝑖 ≥ 0, 𝛾𝑖𝑗 ≥ 0, ∀𝑖. (23)

The optimal power of CR-Tx can be obtained according to the
KKT condition [10] through the following equation:

∂𝐿𝑖 (𝑦𝑖, 𝑧𝑖, 𝜇𝑖, 𝜈𝑖, 𝜁𝑖, {𝛾𝑖𝑗})
∂𝑦𝑖

= 0, (24)

and the solution is 𝑃 ∗𝑖 = exp (𝑦𝑖) =

⎡
⎢⎣ 𝜁𝑖−𝜈𝑖

1+𝜇𝑖+
𝑀∑

𝑗 ∕=𝑖

𝛾𝑗𝑖𝐺𝑗𝑖

⎤
⎥⎦
+

.



We then construct the subgradient iterative algorithm to
solve the dual problem. Compared to S-DPC algorithm, the
difference happens in iteration (16) which is transformed as:

𝜈𝑖 (𝑡) = [𝜈𝑖 (𝑡− 1) + 𝛽 (𝑡) (log (𝐼𝑖)− log (𝐼/𝑀))]
+
, (25)

where 𝐼𝑖 = 𝐺𝑃𝑅𝑖 exp (𝑦𝑖). Iteration (25) can be carried out at
each CR-Tx node without knowing the information of other
links.

The Improved Distributed Power Control (I-DPC) Algo-
rithm is summarized as follows:

Algorithm 2 Improved Distributed Power Control (I-DPC)
1. Initialization:

𝑡 = 0;
0 ≤ 𝑃𝑖 (0) ≤ 𝑃max, 𝜇𝑖 (0) > 0, 𝜈𝑖 (0) > 0, 𝜁𝑖 (0) > 0, 𝛾𝑖𝑗 (0) > 0; ∀𝑖

2.Algorithm at the CR-Rx of link 𝑖
1) Measure the interference 𝐼𝐶𝑅𝑖

generated by CR-Txs of other links
and 𝑆𝐼𝑁𝑅𝑖; Estimate the channel gains {𝐺𝑖𝑗}

2) Calculate exp (𝑧𝑖) = 𝜁𝑖 (𝑡− 1)/𝛾𝑖𝑗 (𝑡− 1)−𝑁𝑖

3) Update the Lagrange multiplier 𝜁𝑖 and consistency price 𝛾𝑖𝑗
according to (17) and (18) respectively

4) Transmit 𝜁𝑖 (𝑡) to CR-Tx of link 𝑖; Broadcast 𝛾𝑖𝑗 (𝑡) and {𝐺𝑖𝑗}
3. Algorithm at the CR-Tx of link 𝑖

1) Estimate channel gain 𝐺𝑃𝑅𝑖 to calculate interference 𝐼𝑖 at PU-Rx;
Receive consistency prices {𝛾𝑗𝑖}𝑗 ∕=𝑖 and channel gains {𝐺𝑗𝑖}𝑗 ∕=𝑖

2) Update Lagrange multipliers 𝜇𝑖 and 𝜈𝑖 according to (15) and (25)
respectively

3) Calculate the power value of CR-Tx

𝑃𝑖 (𝑡) =

⎡
⎢⎣ 𝜁𝑖(𝑡−1)−𝜈𝑖(𝑡−1)

1+𝜇𝑖(𝑡−1)+
𝑀∑

𝑗 ∕=𝑖
𝛾𝑗𝑖(𝑡−1)𝐺𝑗𝑖

⎤
⎥⎦
+

Each CR-Tx no longer needs to broadcast any information
in I-DPC algorithm. Therefore, it can greatly reduce the
complexity and convergence time of the algorithm.

VI. NUMERICAL RESULTS

In this section, we provide numerical results for the two
DPC algorithms developed in Section IV and V.

We assume there is one primary link and three CR links
distribute randomly in a region which is away from the primary
link. The distances between three CR-Tx nodes and PU-Rx
are 1300m, 1800m and 2000m respectively. Transmit power
of each CR-Tx is limited to 1W and background noise is
assumed to be 1× 10−10W. Channel gains are defined using
a simple path loss model, 𝐺𝑖𝑗 = 𝐿𝑑−4

𝑖𝑗 and 𝐺𝑃𝑅𝑖 = 𝐿𝑑−3
𝑃𝑅𝑖,

where 𝐿 is a constant. Packet traffic at each CR-Tx node is
assumed to be Poisson with intensity 𝜆𝑖 = 200packets/s , and
packet length is exponentially distributed with an expectation
of 100bits. The symbol period is set to 1/4000s.

A. The convergence of DPC algorithms

We set the delay bound as 0.015s, i.e., 𝑆𝐼𝑁𝑅𝑖 = 20dB.
When the maximum interference level 𝐼 is not very small,
for example 𝐼 = 10 × 10−10W, Fig. 2 and Fig. 3 illustrate
the power convergence properties of each CR-Tx node under
the two algorithms respectively. The numerical results show
that both S-DPC algorithm and I-DPC algorithm can converge
very fast. By making a lot of simulations, we find that both
the algorithms can converge to the same optimal solutions as
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Fig. 2. The Convergence of S-DPC Algorithm.
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Fig. 3. The Convergence of I-DPC Algorithm.

those attained in centralized algorithms (like the inter-point
method).

B. Delay simulation

In I-DPC algorithm, the interference generated by the near-
est CR-Tx node to PU-Rx2 should not exceed 𝐼/𝑀 . When
both the maximum interference level 𝐼 and delay bound set
for CR-Tx node are small, the power of CR-Tx node 1 should
not increase too much, which results in a longer delay. On the
contrary, the interference allocation under S-DPC algorithm is
globally considered, thus CR-Tx node 1 could generate more
interference to PU-Rx in S-DPC algorithm than that under I-
DPC algorithm. As a result, the transmit power under S-DPC
algorithm can be higher than that under I-DPC algorithm, i.e.,
a lower delay can be achieved.

When 𝐼 = 5 × 10−10W, Fig. 4 illustrates the relationship
between actual delays of CR-Tx node 1 and delay bound
constraints under the two proposed algorithms respectively.

2In the simulation setup, we call it CR-Tx node 1.
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Fig. 5. The Relationship between Power Consumption and Delay Bound.

It shows that when the delay bounds are large, the actual
delays under the two proposed algorithms are exactly equal
to the delay bound. This means that the transmit power of
each CR-Tx node is minimum, i.e., it is optimal for node
energy efficiency. As the delay bound is becoming smaller,
the power increase of CR-Tx node 1 under I-DPC algorithm
is limited prior to that under S-DPC algorithm and as a result,
the actual delay of CR-Tx node 1 is longer than that under
S-DPC algorithm3.

C. Tradeoff between energy efficiency and delay constraints

There is a tradeoff between the node energy efficiency and
the node delay constraints. Fig. 5 illustrates that when the
average delay bound constraint is less than 0.05s, the total

3It should be noted that when the values of both the interference and delay
bound constraints are very small, the power control problem might have no
solutions. But In such a situation the DPC algortihms can still converge
and CR-Tx nodes transmit at a lower rate to protect PU-Rx, as a result, a
bigger delay. The admission control scheme could be introduced which will
be investigated in our future work.

power consumption of all CR-Tx nodes is quite high and
change greatly. When the average delay bound constraint is
larger than 0.05s, the power consumption is small and change
smoothly. From Fig. 4, we have already known that when the
delay bound constraints are not very small, I-DPC algorithm
and S-DPC algorithm can converge to the same optimal solu-
tions. Thus, if the applications are not very sensitive to delay,
we can make a little bigger delay bound constraint for CR-Tx
nodes, which will increase the node energy efficiency. More
importantly, by doing that, we can use I-DPC algorithm instead
of S-DPC algorithm, to significantly reduce the payload of
message exchange at each iterative process.

VII. CONCLUSIONS

In this paper, we have studied the power control problem in
CR networks without any central control node or assistant sen-
sors to do the interference measuring jobs. Thus, it is critical to
design and apply distributed algorithms in such CR networks.
To attain the interference information at PU-Rx, we propose
a strategy based on local channel estimation and information
exchange among CR-Tx nodes. Our optimization objective is
to minimize the total power consumption of CR-Tx nodes to
increase the node energy efficiency under both the interference
and delay constraints. Based on convex optimization theory,
we have designed two distributed algorithms to solve the dual
problem since the duality gap of a convex problem is zero.
The algorithms proposed in this paper could be carried out at
each CR nodes with limited message exchange and have fast
convergence performances.

REFERENCES

[1] I. F. Akyildiz, W.-Y. Lee, M. C. Vuran, and S. Mohanty, “NeXt gen-
eration/dynamic spectrum access/cognitive radio wireless networks: a
survey,” Elsevier Computer Networks Journal, vol. 50, no. 13, pp. 2127-
2159, 2006.

[2] S. Haykin, “Cognitive Radio: Brain-Empowered Wireless Communica-
tions,” IEEE Journal on Selected Areas in Communications, vol. 23, no.
2, pp. 201-220, 2005.

[3] N. Gastis, A. G. Marques, and G. B. Ginnakis, “Utility-based Power
Control for Peer-to-Peer Cognitive Radio Networks with Heterogeneous
QoS Constraints,” Proc. of IEEE International Conference on Acoustics,
Speech, and Signal Processing (ICASSP), Las Vegas, USA, April 2008.

[4] Q. Jin, D. Yuan, and Z. Guan, “Distributed Geometric-Programming-
Based Power Control in Cellular Cognitive Radio Networks,” Proc.
of IEEE 69th Vehicular Technology Conference: VTC2009-Spring,
Barcelona, Spain, April, 2009.

[5] S. Huang, X. Liu, and Z. Ding, “Distributed Power Control for Cognitive
User Access based on Primary Link Control Feedback,” Proc. of the
29th IEEE Conference on Computer Communications (INFOCOM), San
Diego, CA, USA, Mar. 2010.

[6] D. P. Bertsekas, Nonlinear Programming, 2nd ed. Athena Scientific, 1999.
[7] Federal Communications Commission (FCC), “Spectrum Policy Task

Force,” Rep. ET Docket no. 02-135, Nov. 2002.
[8] A. Goldsmith, Wireless Communications. Cambridge University Press,

2004.
[9] S. M. Ross, Introduction to Probability Models, 9th ed. Academic Press,

2007.
[10] S. Boyd, L. Vandenberghe, Convex Optimization. Cambridge University

Press, 2004.
[11] D. P. Palomar and M. Chiang, “A Tutorial on Decomposition Methods

for Network Utility Maximization,” IEEE Journal on Selected Areas in
Communications, vol. 24, no. 8, pp. 1439-1451, 2006.

[12] M. Chiang, C. W. Tan, and D. P. Palomar, “Power Control by Geometric
Programming,” IEEE Transactions on Wireless Communications, vol. 6,
no. 7, pp. 2640-2651, 2007.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /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 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


