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Abstract— While FCC proposes spectrum sharing between a
legacy TV system and a cognitive radio network to increase
spectrum utillization, one of the major concerns is that the
interference from the cognitive radio network should not violate
the QoS requirements of the primary users. In this paper, we
consider the scenario where the cognitive radio network is formed
by secondary users with low power personal/portable devices
and when both systems are operating simultaneously. A power
control problem is formulated for the cognitive radio network
to maximize the energy efficiency of the secondary users and
guarantee the QoS of both the primary users and the secondary
users. The feasibility condition of the problem is derived and
both centralized and distributed solutions are provided. Because
the co-channel interference are from heterogeneous systems, a
joint power control and admission control procedure is suggested
such that the priority of the primary users is always ensured. The
simulation results demonstrate the effectiveness of the proposed
schemes.

I. I NTRODUCTION
Although the U.S. government frequency allocation data [1]
shows that there is fierce competition for the use of spectra,
especially in the bands from 0 to 3 GHz, it is pointed out in
several recent measurement reports that the assigned spectrum
are highly under-utilized [2], [4]. The discrepancy between
spectrum allocation and spectrum use suggests that “spectrum
access is a more significant problem than physical scarcity of
spectrum, in large part due to legacy command-and-control
regulation that limits the ability of potential spectrum users
to obtain such access” [2]. In order to achieve much better
spectrum utilization and viable frequency planning, Cognitive
Radios (CR) are under development to dynamically capture
the unoccupied spectrum [6], [7]. The Federal Communication
Commission (FCC) has recognized the promising technique
and is pushing to enable it to a full realization. As the first step,
the FCC proposes to experiment unlicensed cognitive sharing
in the TV bands (the VHF and UHF bands) [11], [12], [13].
The TV bands are chosen due to the better penetration of the
frequency band, “strong” received signal of the primary TV
users, and TV transmitters are left on more or less continuously, and infrequently change location or frequency [5].
Despite the advantages of using the TV bands for unlicensed
cognitive spectrum sharing, there are some concerns to be
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solved first in order to convince FCC to finally open the TV
bands. First, can secondary users (cognitive radio network)
even operate without causing excessive interference to primary
users (TV users)? Second, can certain quality-of-service (QoS)
for secondary users be provided under such constraints? So
far, most of the previous works address these two issues by
time sharing the spectrum between the TV system and the
cognitive radio network. In this case, there will be no cochannel interference. One of the main difficulties is to detect
the presence of the TV signals accurately. Much work has been
done in this area, such as [8], [10] and the references therein.
In this paper, we consider a different case where the TV system
and the cognitive radio network are ON simultaneously and
they share the same spectrum through space separation. This
case is mainly studied through MAC design, such as in [3].
Power control is only applied to address the non-intrusion to
the services of the primary users [9], but not the QoS of the
secondary users. We argue that the QoS of the secondary users
is also very important [16]. If the capacity for the secondary
users is not enough to realize their required QoS after meet
the QoS constraints of the primary users, that channel might
not be a good opportunity for secondary users to access.
According to the recent suggestions from the FCC [12],
[13], two distinct types of unlicensed broadband devices may
be used in the TV bands. One category will consist of lower
power “personal/portable” unlicensed devices. The second category will consist of higher power “fixed/access” unlicensed
devices that may provide wireless Internet access. This paper
will consider the power control problem for the first category,
and we focus on the case where both the TV system and the
cognitive radio network operate simultaneously. The power
control problem becomes tougher than that in cellular systems
or pure wireless ad hoc networks because the interference tend
to be more difficult to model and control in two heterogeneous
systems. In this paper, we try to provide some preliminary
analysis and design to address the two issues mentioned
in the previous paragraph when two heterogeneous systems
operate in the same channel at the same time. Specifically, a
power control problem of the secondary users is formulated
to maximize the energy efficiency of the secondary users
and reduce the harmful interference to the primary users
who have absolute priority. QoS guarantee of the secondary
users is also included in the problem formulation. Feasibility
conditions for the power control problem are highlighted and
the corresponding joint power control and admission control
procedures are provided.
The paper is organized as follows. Section II provides the
model of spectrum sharing of a cognitive radio network with
a TV broadcast system, and the associated power control
problem is formulated. The solution of the power control
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Fig. 1. An example of spectrum sharing of a cognitive radio network with
a TV broadcast system.

problem for a single secondary transmitter is given in Section
III. Both centralized and distributed power control algorithms
are provided for the case of multiple secondary users in
Section IV. The effectiveness of the proposed schemes is tested
through simulations in Section V. Section VI contains the
concluding remarks.
II. M ODEL

AND

P ROBLEM F ORMULATION

Given an existing TV station with transmission power pT V ,
the effective receiving range is D. The effective receiving
range is defined by the successful decoding of the TV signals,
i.e., the received signal-to-interference-plus-noise ratio (SINR)
should be above a given threshold (10 dB or higher [5], that
will depend on the type of TV station) such that the received
TV signal is decodable. Note that the data of transmission
power and effective receiving range of TV stations are publicly
available, such as in [14], [15]. It is assumed that the secondary
users locate in an l × l square area. The center of the
cognitive radio network is d meters away from the nearest
primary receiver. The distance from the TV station to the
ith secondary receiver is hi . yi is the distance from the ith
secondary transmitter to the TV receiver at the border of
the TV coverage area. An example of the model is given in
Fig. 1, where only one pair of secondary users are shown.
Note that although the effective receiving range of the TV
station may not overlap with the transmission range of the
cognitive radio network, the transmissions in both systems
still cause non-negligible co-channel interferences to the other
system’s receivers. For instance, if both systems are ON
simultaneously, the transmission from the secondary users will
cause interference at the primary receivers and may cause
the received TV signals degraded and become unacceptable.
Hence, the co-channel interference is the major barrier for the
successful co-existence of the two systems.
In this paper, we address the interference problem by
considering the QoS at both the primary receivers and the
secondary receivers in terms of the received SINR. Suppose
there are totally N pairs of secondary users, and pi,sec is the
transmission power of the ith transmitter. Define the SINR at
the mth primary receiver as γm,T V , and the SINR at the ith
secondary receiver as γi,sec , the power control problem for
energy efficiency maximization and interference suppression
is formulated as follows

γm,T V ≥ γTtar
V , ∀m

(2)

tar
, i = 1, · · · , N.
γi,sec ≥ γi,sec

(3)

max
pmin
sec ≤ pi,sec ≤ psec , i = 1, · · · , N.

(4)

tar
where γTtar
V and γi,sec are the target SINR for the primary
receivers and the secondary receivers, respectively. pmin
sec and
are
the
minimum
and
maximum
allowable
transmispmax
sec
sion power of the secondary users. These are “hard” limits
including many considerations such as safety and hardware
limitations that set by the standard organization or government
agencies [13]. The objectives of power control in a cognitive
radio network are to maximize the energy efficiency of the
secondary users and suppress harmful interference to both the
primary users and the secondary users. This can be achieved
by minimizing the total transmission power of the secondary
users (equation (1)) while guarantee both the QoS of the
primary users (equation (2)) and the QoS of the secondary
users (equation (3)).

III. P OWER CONTROL

FOR A SINGLE SECONDARY
TRANSMITTER

In this section, a simple case where there is only one
secondary transmitter will be considered. We will first check
the feasibility of the power control problem (P.1). We assume
that the received power is only a function of the transmitted
power and path loss, i.e., the fading effects (shadowing and
small-scale fading) are omitted for now. We further assume
that the path loss factor from the TV transmitter is α1 , and
the path loss factor from the cognitive radio transmitter is α2 .
Because the antenna height of the TV transmitter is usually
several hundred meters higher [14] than that of the cognitive
radio transmitters, it is expected that the path loss factor
from the TV transmitter (α1 ) will be better (smaller) than
the path loss factor from the cognitive radio transmitter (α2 ).
The interference between the primary users and the secondary
users depends on many factors such as modulation schemes
and waveform design, and we assume the orthogonality factors
are f1 and f2 , respectively.
Based on the above assumptions, the SINR of the TV
receiver at the worst location of the TV coverage area is
(please refer to Fig. 1)
γT V =

pT V /Dα1
f2 psec /y α2 + σ 2

(5)

and the SINR of the secondary receiver is
γsec =

psec /rα2
f1 pT V /hα1 + σ 2

(6)

where r is the distance between the secondary transmitter and
the secondary receiver, σ 2 is the background noise.
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α1

+σ

2

tar α2
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.
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where p̄sec = [ Dαp1TγVtar −σ 2 ]y α2 /f2 and psec = (f1 pT V /hα1 +
TV
tar α2
r .
σ 2 )γsec
The feasibility condition given in Theorem 1 may be interpreted as follows:
Collary 1: Define two transmission power sets, S1 =
max
{pmin
sec ≤ psec ≤ psec }, and S2 = {psec ≤ psec ≤ p̄sec }, the
power control problem (P.1) for a single secondary transmitter
is feasible iff S1 ∩ S2 = ∅.
One possible case of feasible transmission power of the
secondary user is shown in Fig 2. If the feasibility condition
(inequality (9)) is satisfied, the optimal transmission power
of the secondary user is max{pmin
sec , psec }. If the minimum
allowable transmission power is 0, the optimal transmission
power of the secondary user is psec .
If the interference is dominant, i.e., if f2 psec /y α2  σ 2
and f1 pT V /hα1  σ 2 , which is usually the case, the sum of
the SINR (in dB) of the TV receiver at the border of the TV
coverage area and the SINR of the secondary receiver can be
expressed as
h
y
(dB) + α2 (dB) − [f1 + f2 ](dB) . (10)
D
r
The achievable SINR of the secondary users can be estimated
by substracting γTtar
V from the sum of the SINR.
It is observed that the sum of these two SINR values (in
dB) is only a function of the relative distances. One example
simulation result is plotted in Fig. 3. The parameters used
in the simulation are given in Table I and it is assumed
that h ≈ D + d and y ≈ d since d  l. It is observed
that the distance between the secondary transmitter and the
secondary receiver, r, has the dominant effect on the sum
of the SINR values. For example, if r decreases from 300
r
r
= 0.005) to 60 meters ( D
= 0.001), the gain
meters ( D
of the sum of the SINR values is about 30 dB. In addition,
r
= 0.008), even if the
if r is large, say r is 480 meters ( D
dB
γTdB
V + γsec ≈ α1

−1

0
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Fig. 3.

1
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d/D

(8)

If the power control problem is feasible, equations (7), (8),
and (4) have to be satisfied simultaneously.
Theorem 1: Given the transmission power of the primary
transmitter (pT V ) and the background noise (σ 2 ), the target
SINR values of the primary receiver and the secondary receiver
tar
(γTtar
V and γsec ), and the distances (D, y, h, r), the feasibility
condition of the power control problem (P.1) for a single
secondary transmitter is
max
max{pmin
sec , psec } ≤ psec ≤ min{p̄sec , psec }

r/D=0.001
r/D=0.002
r/D=0.003
r/D=0.005
r/D=0.008

sec

Feasible transmission power of the secondary user.
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secondary user is far away from the TV coverage area (say,
d
D = 1), the sum of the SINR values is still very low, about 30
dB. In other words, if the required primary SINR is 34 dB, the
maximum achievable SINR for the secondary user is about −4
dB. The results suggest that only low power secondary users
with short range transmissions (low power personal/portable
devices [13]) are allowed when the primary users are ON. This
also calls for multi-hop communications rather than single hop
long range transmissions in the cognitive radio network.
We would like to point out that although the transmission
powers are not explicitly included in the formula for the sum
SINR, they indeed will determine the proportion of the SINR
that the primary user and the secondary user will get.
IV. P OWER C ONTROL

FOR MULTIPLE SECONDARY USERS

In this section, we are going to provide both centralized and
distributed solutions to the power control problem (P.1). In
order to evaluate the interference and solve the power control
problem, we assume that the distances such as d and yi can be
estimated accurately. Indeed, geolocation devices (e.g. GPS),
control signals, or spectrum sensing may be applied to detect
the primary transmissions and get an accurate estimate of the
distances [13].
A. Centralized Solution
The SINR of the TV receiver at the worst location of the
TV coverage area is
γT V =

f2



pT V /Dα1
pi,sec /yiα2 + σ 2

The SINR of the ith secondary receiver is
gii pi,sec
γi,sec = 
1
2
g
p
+ f1 pT V /hα
ij
j,sec
i +σ
j=i

(11)

(12)

where gij is the link gain from the j th secondary transmitter
to the ith secondary receiver.
The following theorem gives the feasibility condition of the
power control problem (P.1).
Theorem 2: The power control problem (P.1) is feasible for
all N simultaneous transmitting-receiving pairs of secondary
users within the same channel as long as
(1). The matrix [I − Γtar
sec Z] is non-singular (thus invertible);

9

(2). The transmission power vector p∗sec satisfies inequality (4)
element-wise, where
−1
u,
p∗sec = [I − Γtar
sec Z]

matrix Γtar is a diagonal matrix
 tar
γi,sec
i=j
tar
,
Γsec ij =
0
otherwise
matrix Z is the following nonnegative matrix
 gij
i = j
gii
,
Zij =
0 i=j

(13)

(14)

(15)

u is the vector with elements
tar 2
ηi /gii ,
ui = γi,sec

and

i = 1, 2, ..., N

2
1
ηi2 = f1 pT V /hα
i +σ .

(16)
(17)

(3). The transmission power vector p∗sec also satisfies the
following inequality
f2



pT V /Dα1
≥ γTtar
V .
p∗i,sec /yiα2 + σ 2

(18)

Proof: A target SINR vector γ tar is achievable for all
simultaneous transmitting-receiving pairs of secondary users
within the same channel if the following conditions are
met [21], [17]
tar
γi,sec ≥ γi,sec
p≥0

(19)
(20)

where p is the vector of transmitting powers. Define ηi2 as
in equation (17). Replacing γi,sec with equation (12) and
rewriting the above conditions in matrix form gives
[I − Γtar Z]p ≥ u

(21)

p≥0

(22)

where matrix Γtar , matrix Z and vector u are defined in
equations (14), (15), and (16), respectively.
It is shown in [17] that if the system is feasible, the matrix
[I − Γtar Z] must be invertible and the inverse should be
element-wise positive, thus prove part (1) of the theorem.
It is also shown in [17] (Proposition 2.1) that if the system is
feasible, there exists a unique (Pareto optimal) solution which
minimize the transmitted power. This solution is obtained by
solving a system of linear algebraic equations
[I − Γtar Z]p∗ = u

(23)

In order to satisfy the constraints (2) and (4) in the power
control problem (P.1), the transmission power vector p∗sec must
satisfy the inequality (4) element-wise and the inequality (18),
thus prove the theorem.
The above proof highlighted the centralized solution to
the problem (P.1). Although it seems that the power control
problem (P.1) is similar to that in cellular systems [20] and
in wireless ad hoc networks [23], the power control problem
considered here addressed interference from heterogeneous
systems and additional constraint (2) has to be satisfied and

the interference between primary and secondary users has to
be taken into account in the problem formulation. It also calls
for joint design of power control and admission control for
the cognitive radio network such that the QoS of the primary
users is ensured all the time. The procedures of joint power
control and admission control is summarized below.
Joint power control and admission control
1) Solve the transmission power vector p∗sec using equation (13).
2) Check whether the transmission powers are within limit,
∗
max
i.e., pmin
sec ≤ pi,sec ≤ psec , ∀i? If Yes, goes to the
next step; otherwise, the power control problem (P.1)
is not feasible.
 Remove the jth secondary user that has
the largest N
i=1 [Zij + Zji ] and return to Step 1 with
reduced number of transmitters.
3) Check whether the transmission powers satisfy inequality (18). If Yes, set the transmission power vector as
p∗sec ; otherwise, the power control problem (P.1) is not
feasible. Remove the secondary user that requires the
largest transmission power ( p = max{p∗i,sec } ∀i) and
return to Step 1 with reduced number of transmitters.
It worth pointing out that Step 2 and 3 implement admission
control for the secondary users. When the power control problem (P.1) is not feasible, the secondary user that caused the
worst interference should be silenced. The central controller
can verify the transmission power limits in a straight forward
way in Step 2 after solving p∗sec using equation (13). The worst
interferer to other secondary users inside the cognitive radio
network is the one that has the largest row and column sum of
matrix Z. In Step 3, given that pT V , γTtar
V , and D are publicly
available data, and yi can be estimated accurately, the central
controller can verify the inequality (18). This time the worst
interferer to the primary receivers is the one that has the largest
transmission power since all the secondary transmitters have
more or less the same distance to the primary receivers. In a
cognitive radio network with centralized management, such as
in a cluster based architecture, the above procedures may be
implemented.
B. Distributed Solution
The centralized solution (equation (13)) needs a central
controller and global information of all the link gains, and
centralized power control requires extensive control signaling
in the network and it is difficult to be implemented in practice,
especially for an infrastructure-less wireless ad hoc network.
Therefore, a distributed implementation which only use local
information to make a control decision is proposed for realistic
scenarios.
Distributed power control schemes may be derived by applying iterative algorithms to solve equation (23). For example,
using the first-order Jacobian iterations [18], the following
distributed power control scheme is obtained
tar
γi,sec
pi (k), pmax
sec } , i = 1, 2, ..., N.
γi,sec (k)
(24)
Note that each node only needs to know its own received SINR
at its designated receiver to update its transmission power. This

pi,sec (k + 1) = min{

10

Suppose that all secondary users that planning to transmit will
report to a manager their respective transmission power, pi,sec
for user i, the manager will be able to verify the QoS requirement of the primary users by checking the inequality (25).
V. S IMULATION R ESULTS
In this section, the performance of the proposed power
control algorithm is examined. It is assumed that a group
of N = 50 transmitting-receiving pairs of secondary users
using low power devices are communicating with each other
in a 2000 meter ×2000 meter area. They share the same
spectrum with a TV system, and the TV station is located
D+d meters away. The locations of the transmitting-receiving
pairs are chosen such that rij > 3rii to ensure the feasibility
of the power control problem, where rij is the distance from
α2
. The
the jth transmitter to the ith receiver and gij = 1/rij
initial transmission power of the secondary users are randomly
max
chosen between pmin
sec and psec . The rest of the simulation
min
parameters are: pT V = 100 kW; γTtar
V = 34 dB; psec = 0 mW;
max
tar
2
−14
psec = 100 mW; γsec = 3 dB; σ = 10 ; D = 60 km; α1
= 3; α2 = 4.
1 This assumption is expected to be true most of the time, since typically
the secondary users must reside far away enough from the TV coverage area.
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is available by feedback from the receiving node through a
control channel. As a result, the algorithm is fully distributed.
Convergence properties of this type of algorithms were studied
by Yates [19], [20]. An interference function I(p) is standard
if it satisfies three conditions: positivity, monotonicity and
scalability. It is proved by Yates [19] that the standard iterative
algorithm p(k + 1) = I(p(k)) will converge to a unique
equilibrium that corresponds to the minimum use of power.
The distributed power control scheme (equation (24)) is a
special case of the standard iterative algorithm.
Since the Jacobi iteration is a fixed-point iterative method,
it usually has slow convergence speed to the sought solution.
However, we select equation (24) as the power control algorithm in cognitive radio networks due to its simplicity. Other
advanced algorithms with faster convergence speed can be
found in [21], [22].
The distributed power control algorithm given in equation (24) does not enforce the QoS requirement of the primary
users represented by the inequality (18). Thus, the secondary
users apply equation (24) alone may violate the QoS requirement of the primary users. In order to address this issue,
we propose two possible solutions. The first solution is a
direct solution, where a “genie” is placed near the primary
receiver at the border of the TV coverage area. The genie will
monitor the interference level and inform the secondary users
(such as using a beacon signal) if the interference level is
too high and the QoS requirement of the primary users will
be violated. One possible implementation of the genie is a
secondary user that happens to locate inside the TV coverage
area. The second solution is an indirect solution. Assume that
yi ≈ yj = d, ∀i = j 1 , then the inequality (18) may be written
as
α2

2 d
pi,sec ≤ [pT V /(Dα1 γTtar
.
(25)
V)−σ ]
f2
i
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The convergence of the mean square error of the secondary user’s

The average achievable SINR value of the secondary users
avg
avg
) vs. d/D is shown in Fig 4. It is observed that γsec
(γsec
increases monotonically with d as expected. It is also shown
avg
decreases when d increases, because
that the gain in γsec
the interference between the two systems play less a role in
the achievable SINR value when they are further away. When
avg
is pretty much limited by the interference of
d/D > 2, γsec
its own system.
In the following part of the simulation, d = 0.5D and the
distributed power control algorithm, equation (24), is applied.
The convergence of the mean square error of the secondary
tar 2
) ]) is given in Fig 5. It
user’s SINR (e2sec = E[(γsec − γsec
is observed that the power control algorithm converges very
fast (in about 10 steps). Similarly, the convergence of the
transmission power of some randomly chosen secondary users
is shown in Fig 6.
The minimum SINR value of the primary users during the
power control process of the secondary users is shown in Fig 7.
It is confirmed that the QoS of the primary users is not violated
during the power control process.
The performance of the joint power control and admission
control for the infeasible case will be included in an extended
version of the current manuscript. In addition, the effects of
inaccurate estimates of the distances will also be justified.
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the same spectrum. In the current work, only one cognitive
radio network is considered. The power control for multiple
cognitive radio networks is one of our future research efforts.
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VI. C ONCLUSIONS
In this paper, a power control problem is formulated for a
cognitive radio network that operates simultaneously in the
same frequency band with a TV system. Both centralized
and distributed solutions are given to maximize the energy
efficiency of the cognitive radio network and provide QoS
support for both primary and secondary users. In addition, the
feasibility condition is derived and a joint power control and
admission control procedure is suggested such that the priority
of the primary users is ensured all the time. Furthermore, the
proposed power control and admission control procedure may
be combined with MAC design to enhance the promise of
non-intrusion to the primary system during spectrum sharing.
It worth pointing out that the results obtained in this paper
can be extended to CDMA cognitive radio network in a
straight forward manner. In the case of TDMA as the MAC
scheme and only one secondary user is allowed to transmit
during one time slot, the results of the single secondary transmitter case in Section III give the optimal power control for
one TDMA cognitive radio network. The results in Section IV
correspond to the power control of co-channel secondary users
in multiple TDMA cognitive radio networks.
Although the TV broadcast system is chosen as an example
of the primary system in this paper, the proposed methods can
be extended to other cases where heterogeneous systems share
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