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Power Control of Spectrum-Sharing in Fading
Environment With Partial Channel State Information

Abdoulaye Bagayoko, Inbar Fijalkow, Senior Member, IEEE, and Patrick Tortelier

Abstract—This paper addresses the spectrum-sharing for wire-
less communication where a cognitive or secondary user shares a
spectrum with an existing primary user (and interferes with it).
We propose two lower bounds, for the primary user mean rate,
depending on the channel state information available for the sec-
ondary-user power control and the type of constraint for spec-
trum access. Several power control policies are investigated and the
achieved primary-user mean rates are compared with these lower
bounds. Specially, assuming all pairs of transmitter—receiver are
achieving real-time delay-sensitive applications, we propose a novel
secondary-user power control policy to ensure for both users, at a
given occurrence, predefined minimum instantaneous rates. This
power control uses only the secondary-user direct links gains es-
timations (secondary-to-secondary link and secondary-to-primary
link).

Index Terms—Channel state information, cognitive radio, inter-

ference channels, interference constraints, power control, radio
spectrum management, Rayleigh channels.

1. INTRODUCTION

HEN looking at the radio frequency spectrum, all fre-

quencies below 3 GHz have been allocated to specific
uses [13]. However, regulatory bodies in various countries found
that most of the radio frequency spectrum is inefficiently uti-
lized. The 2002 report of the Federal Communications Commis-
sion (FCC)’s Spectrum Policy Task Force made the recommen-
dation that FCC develops a spectrum policy that allows more
flexible access to the spectrum [1]. Spectrum-sharing, for unli-
censed and licensed bands, and cognitive radio have been pro-
posed as promising solutions for improving the spectrum effi-
ciency. Therefore, these topics have received a lot of attention
in the technical literature where it is often a concern of designing
spectrum-sharing rules and protocols which allow the systems
to share the bandwidth in a way that is efficient and compatible
with the incentives of the individual systems [1]-[14].
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Power control for spectrum-sharing users has been widely
studied. In particular, [3] investigates the maximum ergodic ca-
pacity of a secondary user under joint peak and average inter-
ference power constraints at the primary receiver. The optimal
power control derived in [3] to achieve the secondary max-
imum ergodic capacity is function of the channel state infor-
mation (CSI) of the secondary user and of the link between
the secondary transmitter and the primary receiver. However,
this optimal power allocation does not take into account the
interference of the primary user to the secondary user. More-
over, in non-outage states, the secondary’s received power could
be weak, providing bad quality to the secondary service. [4]
presents a criterion to design the secondary transmit power con-
trol by introducing a primary-capacity-loss constraint (PCLC).
This method is shown to be better than the previous ones in
terms of achievable ergodic capacities of both the primary and
the secondary links. It protects the primary transmission by en-
suring that the maximum ergodic capacity loss of the primary
link, due to the secondary transmission, is no greater than some
predefined value [4]. However, to enable the PCLC-based power
control, [4] assumes that not only the CSI of the secondary
fading channel and the fading channel from the secondary trans-
mitter to the primary receiver (noted g25 and g;2 in Fig. 1) are
known to the secondary transmitter, but also the CSI of the pri-
mary direct links (g11 and g21). To protect the primary user,
[6] requires that the transmission outage probability of the pri-
mary user channel due to both its own fading and the addi-
tional interference from the secondary user be no greater than
a maximum target. Then, by assuming that all the instantaneous
channel power gains in the network are available at the sec-
ondary user transmitter and/or the secondary user receiver for
each fading state, the authors minimize the outage probability
of the secondary user subject to the primary user outage con-
straint and the interference temperature constraint. The derived
power allocation strategies achieve substantial outage capacity
gains for the secondary user over the conventional power con-
trol policies based upon the interference temperature constraint,
given the same primary users outage probability constraint. [11]
investigates cooperative and noncooperative scenarios of spec-
trum-sharing for unlicensed bands. The cooperative assumption
may be realistic when the different systems are jointly designed
with a common goal. They can be complying with some stan-
dard or regulation, or they can be as transmitter—receiver pairs
of a single global system. Assuming a selfish behavior (non-
cooperative scenario) may be more realistic! when systems are
competing ones with the others to gain access to the common

IThe systems are selfish in the sense that they only try to maximize their own
utility [11].
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Fig. 1. Spectrum sharing between a PR and a CR communication links.

medium. However, one can imagine spectrum-sharing for sys-
tems that carry out real-time delay-sensitive applications, e.g.,
voice and video. It is then crucial to guarantee, for a given occur-
rence, predefined minimum instantaneous rates for both users.

In this paper, we consider the spectrum-sharing scheme
of Fig. 1 where a secondary or cognitive user (CR) shares a
spectrum first licensed to a primary one (PR). We investigate
the lower bounds of the primary mean rate according to the
channel state information available for the secondary power
control and to the type of constraint for spectrum access. Theses
lower bounds allow us to evaluate the protection performance
of different power control policies at the secondary transmitter
by comparing the achieved primary mean rate with its lower
bounds. In particular, we propose a novel secondary power
control policy to ensure for both users predefined minimum
instantaneous rates. Contrary to the optimal power controls,
derived in [3] and [4], and the noncooperative games in [11],
the goal of the new allocation strategy is neither to achieve
the maximum possible rate, nor to maximize selfish utilities.
The particularity of the new suboptimal allocation strategy is
to achieve, in a same frequency band, applications that require
given minimum instantaneous rates. Furthermore, contrary to
[6], which assumes the knowledge to the secondary user of all
channel gains in the network, our power control uses only the
secondary direct links gains estimations (estimations of goo
and g12).

The remainder of this paper is organized as follows. In the
next section, we describe the system and signals model, our
main assumptions and the problem we tackle. We investigate
two lower bounds for the primary user mean rate, in Section III.
Power control for secondary user is considered in Section IV.
Finally, conclusions are discussed in Section V.

II. PROBLEM FORMULATION

A. System and Channel Model

We consider the network depicted in Fig. 1 with two users
transmitting in the same frequency band and interfering with
each other. The first user is assumed to be the licensee of the
spectrum and is called primary user (PR). The other user is the
secondary user (CR). We assume flat fading channels. We de-
fine the power gains of direct links by g1; and go2. The power
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gains of transverse links are noted g12 and go; as depicted in
Fig. 1. The estimations of g11, g22, 912, and g1 are respectively
noted by §11, §22, §12, and go1. The channels power gains are as-
sumed to be independent and identically distributed according
to exponential distribution with parameters A;;, i,7 € {1,2}.
Moreover they are supposed to be stationary, ergodic and mutu-
ally independent from the noise. The noise power spectral den-
sity is denoted by o-2. We assume very simple receivers in which
all interfering signals are processed as noise. This assumption is
somewhat pessimistic, and our results thus form a conservative
lower bound. In practice, some form of multiuser detection al-
lowing for interference suppression or mitigation may be used
to enhance the rates achieved. With Gaussian signalling, the in-
stantaneous rates (expressed in nats/s/Hz) of the primary and the
secondary users may be expressed as C1 = log(1 + 2 —)
and Cy = log(1 + %), where p; and p» denote, respec-
tively, the primary user transmit power and the secondary user
transmit power. The mean rates are defined as C; 2 E[C4] and

c, 2 E[Cs], where E[z] denotes the mean of the random vari-
able x.

B. Main Goal

We consider a secondary user trying to access a licensed spec-
trum. We study the impact of its transmission on the recep-
tion quality of the primary user. In contrast, the primary user
does not care about its interference to the secondary user. We
aim to investigate lower bounds for the primary mean rate ac-
cording to the CSI available for the secondary power control
and to the type of constraint for spectrum access. We then com-
pare these bounds to the primary achievable mean rates when
the secondary user is performing different power control poli-
cies. In particular, we propose a novel power control policy, for
the secondary user, when all pairs of transmitter—receiver are
achieving real-time delay-sensitive applications.

For simplicity, in the sequel, we assume the primary user per-
forms a constant power control. Therefore, we have p; = Py,
where P; denotes the mean transmit power of the primary user.

1) Lower Bounds for the Primary User Mean Rate: The
lower bound for the primary user mean rate is investigated in
two different spectrum-sharing scenarios:

» The first scenario is called in this paper unconstrained
spectrum-sharing. It consists in a theoretical spec-
trum-sharing where the secondary user is subject to no
constraint from the primary user other than the lim-
ited-mean-transmit-power constraint. A lower bound for
the primary mean rate is derived when secondary user
performs a {§22g21 }-dependent power control/scheduling.

* The second scenario is called constrained spec-
trum-sharing. The secondary transmission is subject
to some interference constraints from the primary user.
To meet the interference constraints, we assume that the
secondary-to-primary link gain estimation is available at
the secondary transmitter. A lower bound for the primary
mean rate is derived when the secondary user performs a
{§22, 21, §12 }-dependent power control/scheduling.

2) Secondary Power Control: We investigate different power

control schemes and compare the primary achievable mean rate
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to its lower bounds. In particular, we propose an original sec-
ondary power control policy with the following requirements:

* the secondary user can only estimate the channel gains gs2
(secondary-to-secondary link) and g5 (secondary-to-pri-
mary link);

» each user needs given outage performance to achieve its
service.

More precisely, we ensure that the secondary transmission
meets the following constraints:

Probyg,, 4,,(C1 < Co) <e (1)
Pr0b9117921 (CZ S CE)) S 6/ (2)

[T 1]

where Proby,, .., (z) denotes the probability of event “x”, over
the distributions of g11 and g21. The given rates Cq and Cj, are
the minimum necessary rates for the services of, respectively,
the primary and the secondary users. In general, (1) and (2) en-
sure that primary and secondary instantaneous rates are greater
than Cy and Cj, most of the time, the occurrence is determined
by the maximum outage probabilities ¢ and €.

3) Channel and Parameters Estimation: The channels gains
estimations §;;, the means values 1 / Aij and the noise power
spectral density o can be brought to the transmitters thanks to
the following protocol. First, transmitter ¢,z € {1,2}, sends a
pilot signal of normalized power, then, receivers ¢ and j (j # 4)
estimate simultaneously the values of \;;, Aji, gii, i, and 0.
We assume the existence of a low rate control channel that the
receivers can use to feed back X;;, Aji, Gis, Gji, and o2; see
[7]. Finally, one can also imagine a coordination channel be-
tween transmitters used to communicate between each other.
So, to perform the proposed power control, as shown bellow,
secondary user needs to know Pi, 11, A1, €, €, Co, and Cj.
We assume that P;, A1, €, and C are sent to the secondary user
via the coordination channel or by a band manager which me-
diates between the two parties.

III. LOWER BOUNDS OF THE PRIMARY USER MEAN RATE

In this section, we investigate two lower bounds for the pri-
mary user mean rate according to spectrum access constraints
and available channel state information at the secondary user
transmitter.

A. Unconstrained Spectrum-Sharing

In this part, we are interested in a scenario of spec-
trum-sharing where there is neither collaboration between
the two users, nor interference or capacity loss constraint. We
assume that

Elps] < Py 3)

where P, denotes the maximum mean transmit power of the
secondary user. Since the secondary user rate Cy is function
of goo and go1 only, we assume that to achieve a desired rate,
without an interference constraint, the secondary user performs
a power scheduling/control scheme such that the transmit power
p2 can be expressed as

p2 = M (g2a, go1) (4)
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due to appropriate techniques to estimate goo and ga1. 1) is a
{§22, g21 } -dependent function or operator. It includes all power
control schemes which depend either on g2 only, or on §2; only,
or on both g2 and §o1, and constant power control scheme. The
primary mean rate can be expressed as

Plgll
C, =E |log 1—|—029172

o T P2

Due to the independence of the channel gains g11, 912, g22, and
921,
Plgll

C = Egii,010 IE{922;!]21}/{911;!]12} log [ 1+ UZL
g12 +p2

where E,, ;[z] denotes the expectation of the random variable =
over the joint distribution of the random variables a and b, while
E./s[7] denotes the expectation of the random variable = over
the conditional distribution of a given b. Moreover, we have

Pign
IE{Q227921}/{9117912} log | 1+ (,-ZL
g12 + P2
p1911
22+ Elpy)]

g12

P
o + Pagio

where the first inequality is due to Jensen inequality.? The
second inequality results from the power constraint (3). Finally,
we obtain

P g1
c, >c. é[E[lo <1+1—>].
1= 1,min g 0_2 + PZng

1 . .
The mean rate Cg l)nin is achieved for a constant power control

from the secondary user, po = P,. Therefore, in this uncon-
strained spectrum-sharing with a constant power control of the
secondary user, po = P>, achieves the lower bound of the pri-

mary mean rate. Cg%r)nin can be expressed (see Appendix A) as

P %A1 o? A1
= — X — exp = E1 =
P — /\11 % Py P
o2\ o2\
—exp ( P212) E; ( P212):| 5)

where the exponential integral function [20] is defined as

C(l)

1,min

+o00

By(z) 2 /

1

Mdt, x> 0. 6)

B. Constrained Spectrum-Sharing

Next, we investigate a spectrum-sharing scenario where
the secondary transmission is subject to some interference

Because of the convexity of the z-dependent functionlog(1+4(A/(B+1)))
with A > 0,B > 0and z > 0.
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constraints in order to protect the primary user. In this case,
estimating the secondary-to-primary link gain g;2 may be cru-
cial because interference constraints involve knowledge, at the
secondary user, of its interference level to the primary user. In
general, according to the type of constraint, the primary protec-
tion should require different CSI at the secondary transmitter.
1) Primary Mean-Rate Loss Constraint: This constraint is
useful when it is a question of improving the primary mean rate.
It consists of setting a maximum loss of the primary mean rate:

Cl,max - Cl S Cl,10557 (7)

where Cq max 2 Ellog(1 + %)] is the mean rate of the pri-
mary user with no interfering signal. C; 1oss denotes the max-
imum mean-rate loss allowed by the primary user. Maximizing
the secondary mean rate, subject to (7), may require primary link
gain estimation g17 [4], which might demand sophisticated tech-
niques. Therefore, in the sequel we do not use this constraint.

2) Interference Constraints: The primary transmission can
be also protected by using the time and space dimensions of
the spectrum to manage the secondary user interference to the
primary receiver. The general spatial spectrum-sharing problem
considered in [10] concerns the possible coexistence of two dif-
ferent networks (for instance two MAC) such that a network
may not create an interference that exceeds a prescribed level Q)
outside of a predefined zone. For the two-user spectrum-sharing
problem, we consider the peak and average interference con-
straints, stated by (8) and (9), commonly used to protect the pri-
mary transmission, see [3]—[8],

P2912 S Qpeak (8)
[E[nglz] S Qavg (9)

where (Qpear denotes the instantaneous interference threshold
and .y, the average interference threshold. Specially, per-
forming a power control under the instantaneous interference
constraint (8) requires the secondary-to-primary link gain
estimation gyo.

3) Lower Bound: In order to protect the primary transmis-
sion, we assume that the secondary-to-primary link gain estima-
tion gy is available for the secondary power control. Therefore,
to achieve a desired rate under interference constraints, the sec-
ondary user performs a power scheduling/control scheme such
that the transmit power p, can be expressed as

P2 = ¢(2)(§22,§217§12) (10)

due to appropriate techniques to estimate go2, g21, and gi2. w(?)
is a {§22, go1, §12 }-dependent function or operator. It includes
all power control schemes that depend either on 25 only, or on
g=1 only, or on 12 only, or any combination of G292, 21, J12,
and the constant power control scheme. The primary mean rate
verifies

Pign
Ci= IEQH |:[E{922,!121,912}/911 |:10g (1 + m):”

P1911 )}
log 1_1_'7
[ & < a2 + E[p2g12]

P g11
>Cc? 2Elloe (12 2911
= ~1,min 6\t T 0

>E

= —911
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where the first inequality is due to Jensen’s inequality, the
second inequality results from the mean interference power
constraint (9), [5]. The lower bound Cfr)nin can be expressed
(see Appendix A) as

052) = exp )\11(0-2:1— Qan) El )\11(0-2:1— Qavg) .
,min f)1 Pl —

(1)

IV. POWER CONTROL FOR SPECTRUM SECONDARY USE

In this section, we investigate the secondary user power con-
trol and compare the achieved primary mean rate to its lower
bounds found previously.

A. Power Control With Mean-Transmit-Power Constraint Only

We assume that there is only one constraint for the secondary
access to the spectrum, the mean transmit power constraint,
stated by (3).

1) Optimal Power Control: The optimal power control max-
imizing the secondary mean rate Cs, under the power constraint
(3), is expressed by the well-known water filling [19]

. 0% + Piga *
p=({(-—"
922

12)

where the constant ( is such that the mean power constraint is

A
+ =2 g22
met. (.)* denotes max(.,0). Let w = ey
verifies

Py = 70((_ +) fwtw)tu

<

, the constant ¢

13)

where fyy is the probability density function of the random vari-
able W with sample w. The probability density function of W
is given by (see Appendix A)

14+b+ 2w b .
— 2 exp(—2w), ifw>0
fw(w) = { (1,(1-}—%117)2 p( a ) ’ = (14)
with a = T{‘i—l and b = "—;—,@

2) A Schedlzfling Approximlating the Optimal Power Control:
The difficulty of performing the optimal power allocation
(12) is due to the uncertain knowledge of the information
w = (Tzszigﬂ Using an appropriate estimation technique,
w provides an estimated value of w. We want to reduce the
impact of estimation errors on the power control (12) by using

the following scheduling:

c7
P2 = 0,

where the constant c is defined by

if w
if w

15)

IN V
PN I

+oo
E[p2] = P> = / cfw (w)dw;

1
<
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CR is performing constant power
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Fig. 2. Primary mean rate versus secondary mean power for different power
control schemes from the secondary user: (a) optimal power control water-
filling; (b) proposed scheduling approximating the optimal power control; and
(c) constant power control that provides the lower bound of the primary mean
rate. L = 1,062 = 0.01and A1y = A1z = Aoz = Aoy = 1.

thus, c can be expressed as
; = fw (w)dw

Using expression (14) of fy7, we obtain

+oo A —
_P )\220.2
fw(w)dw = )‘Zfiexp <— > . (16)
/ (o =5 ¢
4
Therefore, we deduce the constant ¢ as
_ A A2o02
c= P < + ﬂ-ﬂ) ( 220 ) . (17)
21 C ¢

In the scheduling (15), the constant ¢ does not depend on the
<

channel realization. By definition, the binary condition w =
(1/¢) is less sensitive to estimation errors than 8. We verify next
that this relatively little complex scheduling, for the secondary
link, achieves a primary mean rate close to the optimal water-
filling policy.

3) Numerical Examples: Both the theoretical optimal allo-
cation (12) and the proposed scheduling (15) are functions of
the channels gains 22 and 1o only. Cglr)nin is a lower bound
of such kinds of power control/scheduliﬁg. Now, we give nu-
merical examples to compare the primary mean rates achieved,
using (12) and (15) with the lower bound C1 imin- With the set-
t1ngsP1 = 1 0' _0012111(1)\11 —)\12—)\22—)\21 = 1 we
obtain Figs. 2 and 3.

As it can be noticed in Figs. 2 and 3, the proposed sched-
uling (15) provides a performance matching almost the optimal
water-filling. Moreover, we can see the gap level between the
lower bound C1 -min and the considered power controls. The
optimal power control at the secondary side does not cause the
most harmful interference to the primary transmission, as one

would expect. On the contrary, for the same mean powers, P; =
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Fig. 3. Secondary mean rate versus mean power for different power control
schemes: (a) optimal power control water-filling; (b) proposed scheduling ap-
proximating the optimal power control; and (c) constant power control that pro-
vides the lower bound of the primary mean rate. P, = 1, 02 = 0.01 and
Al = A1z = Agp = Aoy = 1.

Py = 1 for instance, the optimal water-filling provides nearly
1 nat/s/Hz of protection furthermore than the constant power
control to the primary user (see Fig. 2). These results do not
take into account the primary protection since there is no inter-
ference constraint.

B. Power Control With Outage Performance Requirement and
Direct Links CSI

In this part, we propose a novel power control under the re-
quirements (1) and (2). We assume that the secondary user can
estimate the secondary-to-secondary and the secondary-to-pri-
mary links gains only, i.e., only G20 and g1 are available for the
secondary user power control.

1) Outage Performance Constraints: The primary and sec-
ondary outage constraints are modeled by (1) and (2). Replacing
C1 and Cj by theirs formulas, events “C; < Cp” and “Cqy <

/9

o~ can be expressed, respectively, as
ao(0? + p2g12)
Py

1 [ p2go2 2
— -0
P1 066

with g = exp(Cp) — 1 and «f, = exp(C}) — 1. The outage
probabilities become

C1 <Gy = g1

IN

(18)

Cy <Cj = g

v

19)

5
PrObgu,ggl(Cl S Co) /)\ 1exp )\11113)61,117
0
=1-

exp(—A117) (20)
where v = —“0(”2;1102@”), and
+oo
Proby,, 4., (C2 <Cj) = / Aot exp(—Ao11)dx
b
= exp(—Az17) 21



BAGAYOKO et al.: POWER CONTROL OF SPECTRUM-SHARING IN FADING ENVIRONMENT WITH PARTIAL CHANNEL STATE INFORMATION

with 7/ = A (22922 2022 ] — 52). Then, outage constraints (1) and

(2) can be express%d, respectively, as

ap(o? +p2§12)> <e 22)

1 —exp (—)\ = <
11 2
A
exp( A21 (P2922 _ 02>> SEI-
P1 OéO

After some manipulations, expressions (22) and (23) become

(23)

p2g12 S Qpeak (24)
p2ges > K. (25)

The peak interference threshold is defined as

P 1 )
eak = 1 - 26
Qp k )\110&0 Og(l—e) 7 ( )
and the minimum received power K as
Py
K =aj (02 o log(e )) (27)
21

Therefore, the primary outage constraint (1) consists in forcing
the instantaneous interference p2g12, from the secondary user,
to be lower than a threshold () peak, While the secondary outage
constraint (2) consists in forcing the secondary instantaneous
received power psgso to be greater than a threshold K. For
a given network and system, the peak interference threshold
peak is determined by the primary minimum required rate
Co, the outage probability ¢ and the mean transmit power P;.
Specially, Qpeak i8S proportional to P, and log-increasing in
€. Otherwise, when the outage probability €' increases, the
secondary service quality is low, and thus, the threshold K
decreases.

2) Power Control: Previously, we found the constraints (24)
and (25) to ensure given outage performance to both the primary
and the secondary users. In this respect, the transmit power po
of the secondary user must fulfill the set of inequalities

p2g12 S Qpeak
" 28
{ngzz > K. (28)
We verify the compatibility of both the equations in (28):
e if (Zi; > %), then3 power ps can be greater than the

minimum required pz min 2 K/ Gos. Yet to meet the inter-
ference constraint, p, must always fulfill p2g12 < Qpeak-
So, the cognitive user can opportunistically communicate
with P2 = Qpeak/,al?;

o if ((G22/g12) < (K/Qpeak)), then the minimum power
P2,min can not meet the interference constraint. Conse-
quently, we set po = 0, the CR transmission is off.

However, the maximum transmit power Qpeak /12 can be infin-
itely high (when g1 is very low), while in real systems instan-
taneous transmit power is limited. To alleviate this problem, we

A FUEPN
3When P2 = P2min = < Qpeax & (922/912) >

(K/Qpear)

—— then p>§i:
o5 D29i12
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set the practical constraint ps < p2 peak. Finally, we propose the
following original power control policy:

if 922 K Qpeak
]g,pcab if G12 Z Qpeak and D2, peak S lez
— peak if goa > K peak
D2 g1z ° if 12 = Qpeak and D2, peak > J12 (29)
i G922 K
0’ if Jg12 < Qpeak

where pa peak 18 the secondary-user maximum transmit power.
Contrary to the optimal power control, derived in [3] and [4],
and the noncooperative games in [11], the goal of the alloca-
tion strategy (29) is neither to achieve the maximum possible
rate, nor to maximize selfish utilities. The particularity of our
policy (29) is to ensure, at some occurrence predefined by the
outage probabilities € and €', at least given minimum instanta-
neous rates to the two users, using the direct links gains esti-
mations g2 and g2 only (that is not considered in the previous
works such as [3], [4], and [11]). Our policy is also more ap-
propriate for spectrum-sharing systems that carry out real-time
delay-sensitive applications, e.g., voice and video. Next, we will
study some typical parameters of this power control.

3) Mean Transmit and Mean Interference Power: We study
the evolution of the mean transmit power and the mean received
interference power, according to the parameters K, p2 peak and
(Qpeak, Which are imposed by the desired performance of the
network, and according to channels fading statistics A11, Aga,
/\12 and )\21.

Let z = §i12, and y = §oo. The mean transmit power can be
expressed as

Qpeak
P2, peak

/ / A22A12P2 peak

Qpe'ik

Elpe] =

X exp(—A22y) exp(—A127)drdy

“+o0 “+o0
k
+ / / A2 2QpOa
Qpea K
prak Qpeak:v

X exp(—Aa22y) exp(—Ar2z)dzdy.

After some manipulations (see Appendix B), we obtain

ea. A K A ea.
Elps] = pip kK {1 ~exp (_ 2K + A20Q, k>:|
1 + )\ii mek D2 peak

A K + A ca
+)\12QpeakE1( 2 12Qp k) - (30)

P2, peak

The mean received interference power is obtained similarly as
follows:

Qpeak
P2 peak 400
|E[P2€712 / / A22A12ZD2 ,peak exp( /\22U)
mek *

x exp(—A12z)dzdy
+oco

)\22)\12Qpeak GXP( - )\221/)

_|_
0|0
E\-é_
o
\

x exp(—A12z)dzdy. 31
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After some manipulations (see Appendix B), it can be expressed
as

p2,peak/)\12
2
A’)) ’
( + A2 mek)

< 1o (-

Therefore, the mean transmit power E [ps] and the mean interfer-
ence power E[p2312] are connected via the following equation:

[E[p2] = A12Qpeax |:<1 + @ K ) M

E[p2912] =

A K + )\12Qpeak>] 32

P2, peak

/\12 Qpeak Qpeak
K
\E, ()\22 + )\12Qpeak>:| .
D2, peak

In practical situations, we assume A;2 > 1. Therefore, from
(33), the mean interference power could be reduced espe-
cially when El(m) is high or equivalently when

P2 ,peak

Aoo K+ ben . . .

2220 TO12 wpeak pt IQkQ‘ ® is low. As we can see below with numerical
2. pea

examples, this situation is profitable because the challenge in
spectrum-sharing and cognitive networks is to achieve better
services to the secondary user while minimizing the interfer-
ence towards the licensee-primary user.

4) Overall Outage Probability: From the power control (29),
an outage occurs if and only if

g K
g2 o =
912 onak

Letz = 12,y = §22, 2 = y/x and zg = K/Qpeax. The overall
outage probability P, is obtained as follows:

Pout = Prob(z < z9) = /fz(z)dz

where [ is the probability density function of the ratio a2/ §12-
The ratio of two independent exponential random variables §oo
and §1o, with parameters A2 and A9, is a random variable Z
with the following probability density function:

“+oco

/ zfy(zz) fx(z)dx

0

fz(z) =

—+oo

A2/
= A22A12 / zexp (—(Aa2z + Ai2)z) do = M

2.
-o ()

(33)
The outage probability is then expressed as
Zo
P - (A12/A22) do—1— (A12/A22)
out A )’ - Az 4
b (2+32) 50
Finally, we obtain
K
Pout (34)

>\
,\;: Qpeak
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The outage occurrence depends on the thresholds K and @ peak
that model the quality of service requirements for the two
users. The cutoff value z, of the ratio §22/g12 is function of the

outage probability and of the channel parameters 22 and Ajs:
— Ao _Pou

20 = 350 T Pome

5) Connection With TIFR Transmission Policy: Next, we

investigate a special case where the primary-to-secondary link
is sufficiently attenuated to neglect the primary interference
P go1 to the secondary user. Such a situation occurs for instance
when the secondary receiver is located outside an exclusive
region around the primary transmitter [13], [15], [16]. In this
case, we can define a delay-limited capacity (also referred to as
zero-outage capacity) which represents the constant-rate that
is achievable in all fading states [3]. Assuming the secondary
user transmits with the minimum required power ps2 min in
non-outage states, to fulfill the set of constraints (28), we

propose
AK
= g2’
P2 { 072

The adaptive transmission technique (35) is called fruncated
channel inversion with fixed rate (TIFR), see [3], [17]. Since
the secondary user transmits p2 i, in non-outage events, then,
the power transmission policy (35) is a variant of (29) in which
the primary user receives always the weakest instantaneous in-
terference. This case is interesting because it protects at best the
primary user. We derive the mean transmit power of (35) as fol-
lows:

if z > zp

35
if z < 2. (35

+o0o %
K
[E[pg] = / /)\12)\22; exp(—)\lgx) exp(—)\ggy)dxdy
0 0
+oo e
K
= / )\22; exp(—A22y) /)\12 exp(—A2x)dz | dy.
0 ’ 0
(36)
Since
7 Yy
/)\12 exp(—)\n:l:)dx =1- exp <—)\122—) 5
J 0
we have
400
K
|E[p2] = /)\225 GXP(—)\ny)d?J
0

+oo
K A
- / Nap e exp <— (m + ﬁ) u) dy. (37)
) Yy 20

The first integral can be calculated as
+oo K

/ )\225 exp(—A22y)dy

0

= )\QQK |: lim El()\22y) - lim El()\QQy) - (38)
y—s0 y—s—400
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The exponential integral function verifies [20]

lim El()\ng) = 0.

y——+o00

So, we obtain the following expression for the first integral in
37):

—+o0

K .
/ /\22; exp(—Aa2y)dy = /\22Ky11_1)n0 E1(A22y).
J .

The second integral has the same form as the first one. Then,
o A12

Elp2] = yhmo E1(A22y) —E1 |y | Az2 + - Ao K.
- 0

The exponential integral function E;(.) can be approximated
around zero [20] as

Ei(y) = —v — log(y) (39)

where v is the Euler—Mascheroni constant v = 0.57721....
Using this closed-form approximation, we obtain a closed-form
expression of E[ps] as follows:

gt i) _

40
A22 Zo “0)

E[}?Q] ~ )\22K log (

Therefore, for a given mean transmit power E [p3], we derive the
constant received power K as

E
K= p2] :
Aazlog (14 32L)

(41)

The mean interference power for (35) is derived as

/ Ere

— K /\12//\22) dZ

/\12)
Azz
/\12 1 1
o) A

A
K|221o (
)\12 )\22 20 2o + Moo

Elp2912] =

We can express E[p2g12] in terms of Py, as

A22

[E[p2912] — _2 (Pout -1- log(Pout)) K (42)

We deduce the zero-outage capacity

CQ,out = (1 - Pout) IOg <1 + g) - (43)
Indeed, this capacity increases with the mean interference power
and the speed of increase is function of P ;.

6) Numerical Examples: Next we give some numerical ex-
amples in order to evaluate the performances of our policy (29).
We set Pl = 1 and ¢2 = 0.01 and A1 = Aa2 = 1, Aop = 5,
and 12 = 10. We choose to attenuate the secondary-to-primary
link in order to avoid cases of very strong interferences. Some
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Fig. 4. Primary mean rate, C;, versus peak interference power, (Qpeax, for
different values of outage probability P, .
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Fig. 5. Secondary mean rate, C, versus peak interference power, ¢ peax, for
different values of outage probability P .

authors, e.g., [13], [15], and [16], advocate to set an exclusive
region around the primary receiver. No secondary operation is
possible inside this range. So we can consider that the choice
of A\12 = 10 (the value of the channel gain g is then set to
1/A12 = 0.1) is due to the fact that the secondary transmitter is
located outside the primary exclusive region.

a) Mean rates: In Figs. 4 and 5, we plot respectively
the primary mean rate and the secondary mean rate, versus
the peak interference threshold @Qpeai for different values
of the outage probability Po,;. We set py peak = 1. As the
peak interference threshold increases, the secondary mean
rate increases too, and consequently the primary mean rate
decreases. For higher (QQpeak, the cutoff value zy is weak and
D2,peak 1s more likely to be lower than L‘k Consequently,
P2 = P2 peak 1N most cases. Therefore, the prlmary mean rate

tends to E[log(1 + 2+;’219nkgl) )] and the secondary mean rate
is tending to E[log(1 + ﬁ%kg)] For given Qpeak, secondary

mean rate Co decreases with I%out while primary mean rate Cq
increases.
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Fig. 7. Mean transmit power, E[p-], and mean interference power, E[p2§1-],
versus peak interference power (Qpeak. P2,peak = 1 and Poye = 0.1.

In Fig. 6, we compare the primary mean rate C; with the
lower bound Cfr)nin. For given Poyut, when Q. increases,
Qpeax increases as well.* Therefore, we have high occurrence
of events P2 peak < Qg"f;k and p2 = P2 peak- AS @ consequence,
the primary mean rate is all the more important than the lower
bound sznin.

b) Mean transmit and interference powers: In Fig. 7, we
compare the mean transmit power E[py] and the mean inter-
ference power E[p2g12] in order to evaluate the ratio between
the achievable service for the secondary user and the protec-

tion level of the primary user. The mean transmit power E[ps]

Elp2, §12](1 + iu Z0)?
log |1 — 12 .
Pz,peak//\n

In realistic situations, Qpear > E[p2d12] and

4From (32), it follows that

D2, peak

Qpeax = ——————
penk A22z0 + A1z

PQ,pmk/)\m

E[Pz(lm] < By .
22 . \2
(14 O Z0)
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Fig. 8. Outage probability, P, versus peak interference power, ()peai, for
different values of minimum received power, i, required for secondary service.
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Fig. 9. Primary mean rate, C,, and secondary zero-outage capacity, Cs out,
versus mean interference power, E[p2§12], for Poy = 0.1.

is very high compared to the mean received interference power
E[p2g12], i.e., their ratio >9. Moreover, E[ps] increases more
speedily than E[p2g12]. Then, we note that the secondary user
can achieve important information rate without causing impor-
tant interference to the primary user.

c) Outage probability: In Fig. 8, we plot the outage prob-
ability P, versus the peak interference power Qpeax for dif-
ferent values of the minimum received power K. As predicted,
when the primary user is less demanding (Qpeak increases), the
outage probability decreases. Otherwise, for given Qpeak, the
less the secondary user is demanding (K decreases), the more
frequently it can transmit over the common spectrum (P, de-
creases). In particular, we note that for greater values of peak,
the outage probability is less sensitive to the variations of K.
Therefore, the secondary service quality requirement is less im-
pacting on the outage occurrence.

d) TIFR transmission policy: Inthis part(Section [V-B6d),
we neglect the primary-to-secondary link, so that As is not used.
In Fig. 9, we plot the evolution of the primary mean rate C; and
the secondary zero-outage capacity Cs out versus E[psgi2] for
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Fig. 10. Mean transmit power, E[p-],
E[p2§12], for Poue = 0.1.
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versus mean interference power,

Pout = 0.1. Because the secondary user transmits with the min-
imum required power p2 min in Non-outage states, the primary
mean rate C; decreases slowly with the mean interference power
E[p2912], while Cq oy increases speedily because the primary
interference is neglected. Moreover, Fig. 10 shows that little
mean power is required to achieve Cg oy¢.

V. CONCLUSION

In future wireless communication systems, there will be aneed
of smart and flexible spectrum usage due to the increasing de-
mand in user data rates and to the shortage of available spectrum
resources. Spectrum sharing and cognitive radio, proposed as
promising solutions for improving the spectrum efficiency, will
continue to receive a lot of attention. In this paper, we consid-
ered the problem of spectrum secondary-user power control in
single-antenna flat-fading channels. The secondary user shares
the spectrum with an existing spectrum-licensee or primary
user. We derived two lower bounds, for the primary mean rate,
depending on the secondary user power control scheme. Several
power control policies were proposed and the achievable primary
mean rates are compared with the lower bounds. In particular, en-
suring for each user given outage performance and assuming that
only direct links gains estimations (secondary-to-secondary link
and secondary-to-primary link) are available at the secondary
transmitter, we have proposed an original secondary power
control that is useful for real-time delay-sensitive applications.

APPENDIX A
LOWER BOUNDS OF THE PRIMARY MEAN RATE

In this section we calculate the following integrals:

(1) X
Cl min =E |:10g (1 + 0_2 ¥ Y>:| (44)
X
c?.  =E [l 1+ —r~— 4
tomin {°g< +02+Qavg>} @

where X = P; g11 and Y =P g12 are exponentially distributed

with parameters 2 B L and >‘1’.
2
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A. Lower Bounds C!

To calculate the integral (44), first, we derive the probability
density function of the random variable €2 defined as
X
T o24Y’

1 m1n

(46)

Let T = 0% 4+ Y. Since Y is exponentially distributed, 7" has
a shifted-exponential distribution with the following probability
density function:

A 2 —-A-lit). ift > o2
frt)y={ P eXP( )GXP( N A NG
0, ifos <t

The probability density function of the random variable €2, for
w > 0, can be expressed as

“+oco

/ i (wt) fr(t)dt

_ A /\12e A1z 2
=P B P\R°

+oo
A11 A12
X ./texp(—<Pl -I-?z)t)dt

a

fo(w) =

due to the independence of X and T'. After an integration by
parts, we obtain

1+b+%w b .
falw) = { Gty O (maw), w20
0, ifw<0
with’
P1 A1z _ gg 49)
)\11 By’ Py

The following equality holds:

1+b+§we (b) ( a__ . b>
—=exp|——w) =
a1+ 20 ) T \wrap o
X exp (—éw>; (50)
a
therefore,
Cglmln =E [IOg(Q + 1)]

Tra b
B 0/ <(w+a)2+w+a>

X exp (—2w> log(w + 1)dw
a
+o00
/ (~2)
=a exp| ——w | dw
. a
b
+b / exp (——w> dw. (51)
a

5Tn Section IV-Al), we set w = . The probability denﬂty function

)\2 _ < )\)1
e andb P

log(w + 1)
(w+a)?

logw—i-l
w+a

o2 + P 192
fw has the same expression as fo but w1th a=
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Now, let
T 1 b
I, = / M exp (——w) dw (52)
w+a a
0
P log(w + 1) b
og(w
I, = —_— ——w | dw. 53
= [ e () @
After an integration of I; by parts, we obtain
o 1 b
a a
I =- — ——w | dw — =I5, (54
! b/(w—l—l)(w—l—a)eXp( aw> YT (>4)
0
Then, we can express I; + (a/b)]ls as
I b
a a
L+d,=2 " 2
1+62 ba-—1 ,/w—l—leXp( aw)dw
0
V! b
— / exp (——w) dw (55)
w+ta a
0
due to the equality
1 1 1 1
= - . 56
(w+1)(w+a) a—l(w—l—l w—I—a) (56)

We can rewrite (55) in terms of integral exponential function E;
[20]:

b+, = %ﬁ |:exp <§) o <g> - exp(b)El(b)]

finally, we express the lower bounds c

1,min as

CanzbOj+%b)

= - - [exp <g) E (2) - exp(b)El(b)} .

Replacing a and b by their expressions in (49) allows us to write

P o’ A1 o? A1
(o1 = [e < — E —
1,min Pl . i—EPZ Xp Pl 1 Pl

02)\12 02)\12
— — E — . (58
o < Py ) ' < Py )] o9

B. Lower Bounds C'%

1,min

Now, let @ = 1/(0% + Qayg). We have

c®

1,min

=E [log(1 + aX)]
+oo
L A

log(1 ——==z | dz.
7, / og( —I—aa:)exp< P1x> x

0
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(2)

After an integration by parts, we can express C;, .

as

“+o0o

@ _ @ _Au
Cimin = / w11 5P < B, a:) dx
0
A11 A1
BALLI I R AL
exp<QP1> 1<(¥P1>

M1(02 + Qavg) M1(0? + Qavg)
o () (i 02)

(59)

APPENDIX B
MEAN TRANSMIT POWER AND MEAN INTERFERENCE POWER

In this section, we calculate the mean transmit power and the
mean interference power of (29). Let x = g12 and y = g9, the
mean transmit power of (29) can be expressed as

Qpeak
P2, peak

“+o0
/ A22A12D2 peak €XP(—A22Y)

0 K .
Qpeak

+ / / A22 12 Cpeak
T

x exp(—A1az)dzdy.

Elp2] =

exp(—A22y)

(60)

Qpeak
P2,peak 400

[ J

Qpeak
“+o0
!l __
I = J/
Qpeak
P2,peak

)\22)\12p2,peak exp( - )\223/)

x

x exp(—A12z)dzdy
o0

(61)

A22A12 Q}Zak exp(—A22y)

X exp(—A12x)dzdy. (62)

Integral I} is obtained as

Qpeak
P2, peak
!
11 = P2,peak A12 eXP(—/\mI)
0
“+o0
X / A2z exp(—Agey)dy | dx
K
Qpeak z
Qpeak
P2 peak

Ao K
= D2 peak / A12 €xp (— </\12+ 22 ) :1:) dx
. Qpeak

0
[l—exp <_M)} . (63)

P2,peak

P2,peak

=1 A K
1+ A12 Qpeak
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Integral I5 is obtained as

+oo
I = / )\12Ql;eak exp(—A127)
Qpeak
P2 peak
+oo
X / A22 exp(—Agy)dy | dx
K
Qpeak
i Aoo K
= / /\uwexp (— </\12+ 22 )x) dz
T Qpeak
Qpeak
P2, peak
Ao K + A ea
:)\12QpeakE1< 2K+ M2Qy k). (64)
D2, peak

Finally, we have

ea, Moo K + A ea
Elps] = % [1 — exp <— 22K+ M2y k)}
L+ ﬁ Qpeak D2, peak

Ao K + )\ ea
+A12onakE1< 2 126 “>. (65)

P2, peak

The mean interference power is expressed as E[p2 12] = I +15,

Qpeak
P2 peak

+o00
/1/ = / / /\22)‘12wp2,peak exp(—)\sz)
0 K

x

Qpeak

X exp(—A12x)dzdy,

;= A22A12Qpeak €XP(—A22Y)

x exp(—A1pz)dzdy. (66)

Integral I{ is obtained as follows:

Qpeak
P2,peak

1

1 = P2,peak A12T eXP(—/\mI)

(==}

+o0o
X / A2 exp(—Ag2y)dy | dx

K x
Qpeak

Qpeak

P2 peak
Ao K
A12T exp (— </\12 4 222 ) :1:) dx
Qpeak
D2,peak/A12 A12Qpeak + A2 K
- I; K 2 |:1 a <1 * ;2 peak
(1 + by Qpeak) 7

= P2,peak

A12Qpeak + A2a K
e P2, peak '
,peal

2255

and integral 15 as

—+oo
5 = Qpeak / A12 exp(—A12x)
Qpeak
P2 peak
+oo
X / A2z exp(—Agy)dy | dx
—I.{ xT
@peak
Qpeak )\IQQpeak + )\QQK
— —1 + oo K exp { — P .
A12 Qpeak 2,peak

Finally, the mean interference power is expressed as
p?,peak/)\IQ ~
o [1 ~ exp <_ A12Qpeak + >\22K>} 67

D2, peak

Elp2g12] =

REFERENCES

[1] Spectrum Policy Task Force Report, “Spectrum Policy Task Force Re-
port,” Federal Communications Commission ET Docket 02-135, 2002.

[2] A. Goldsmith, S. A. Jafar, I. Maric, and S. Srinivasa, “Breaking spec-
trum gridlock with cognitive radios: An information theoretic perspec-
tive,” Proc. IEEE, vol. 97, no. 5, pp. 894-914, May 2009.

[3] L. Musavian and S. Aissa, “Ergodic and outage capacities of spec-

trum-sharing systems in fading channels,” in Proc. IEEE GLOBECOM,

2007, pp. 3327-3331.

R. Zhang, “Optimal power control over fading cognitive radio channel

by exploiting primary user CSI,” in Proc. IEEE GLOBECOM, New

Orleans, LA, Nov. 30-Dec. 4, 2008, pp. 1-5.

R. Zhang, “On peak versus average interference power constraints for

protecting primary users in cognitive radio networks,” IEEE Trans.

Wireless Commun., vol. 8, no. 4, pp. 2112-2120, Apr. 2009.

X. Kang, R. Zhang, Y. C. Liang, and H. K. Garg, “On outage capacity

of secondary users in fading cognitive radio networks with primary

users outage constraint,” in Proc. IEEE GLOBECOM 2009, Honolulu,

HI, Nov. 30-Dec. 4, 2009, pp. 1-5.

[7]1 A.Ghasemi and E. S. Sousa, “Fundamental limits of spectrum-sharing

in fading environments,” IEEE Trans. Wireless Commun., vol. 6, no. 2,
pp. 649-658, Feb. 2007.

[8] A. Ghasemi and E. S. Sousa, “Capacity of fading channels under spec-

trum-sharing constraints,” in Proc. IEEE Int. Conf. Commun. (ICC),

Jun. 2006, vol. 10, pp. 4373-4378.

A.J. Goldsmith and P. P. Varaiya, “Capacity of fading channels with

channel side information,” IEEE Trans Inf. Theory, vol. 43, no. 6, pp.

1986-1992, Nov. 1997.

[10] M. Gastpar, “On capacity under receive and spatial spectrum-sharing
constraints,” IEEE Trans. Inf. Theory, vol. 53, no. 2, pp. 471-487, Feb.
2007.

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

[12] P. Tortelier and A. Bagayoko, “On the achievable rate region of the
Gaussian interference channel: The two and three-user cases,” Ann.
Telecommun. Oct. 2009 [Online]. Available: http://www.springerlink.
com/content/p5524607963308m7

[13] A.Sahai, R. Tandra, S. M. Mishra, and N. Hoven, “Fundamental design
tradeoffs in cognitive radio systems,” presented at the Proc. 1st Int.
Workshop Technol. Policy for Accessing Spectrum (TAPAS) Boston,
MA, Aug. 2006.

[14] J. M. Peha, “Approaches to spectrum sharing,” IEEE Commun. Mag.,
vol. 43, no. 2, pp. 1011, Feb. 2005.

[15] M. Vu, N. Devroye, and V. Tarokh, “The primary exclusive region
in cognitive networks,” in Proc. 5th IEEE Consumer Commun. Netw.
Conf. (CCNC ), Jan. 10-12, 2008, pp. 1014-1019.

[4

=

[5

[ty

[6

—

[9

—



2256

[16] A. Bagayoko, P. Tortelier, and I. Fijalkow, “Impact of shadowing on
the primary exclusive region in cognitive networks,” presented at the
Eur. Wireless, Lucca, Italy, Apr. 2010.

[17] A. J. Goldsmith and P. Varaiya, “Capacity of fading channels with
channel side information,” IEEE Trans. Inf. Theory, vol. 43, no. 6, pp.
1986-1992, Nov. 1997.

[18] E. Biglieri, J. Proakis, and S. Shamai (Shitz), “Fading channels:
Information-theoretic and communications aspects,” IEEE Trans. Inf.
Theory, vol. 44, no. 6, pp. 2619-2692, Oct. 1998.

[19] T. Cover and J. Thomas, Elements of Information Theory. New York:
Wiley, 1991.

[20] M. Abramowitz and 1. A. Stegun, Handbook of Mathematical Func-
tions. New York: Dover, 1965.

Abdoulaye Bagayoko graduated from ENSEA (a
leading European graduate school in electrical engi-
neering, close to Paris, France) in 2007. He received
the M.Sc. degree in signal processing and commu-
nications from the University of Cergy-Pontoise,
France, in 2007 and the Ph.D. degree from the ETIS
Laboratory (UMR 8051), ENSEA/Cergy-Pontoise
University/CNRS, Cergy-Pontoise, France, in 2010.

From 2007 to 2010, he was a Research Engineer
at Orange Labs (France Telecom R&D). He is now
working with NEC Technologies (U.K.). His current
research interests are in signal processing applied to digital communications,
cognitive radio, spectrum sensing, and power allocation.

IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 59, NO. 5, MAY 2011

Inbar Fijalkow (M’96-SM’10) received the Engi-
neering and Ph.D. degrees from TelecomParis, Paris,
France, in 1990 and 1993, respectively.

In 1993-1994, she was a Postdoctoral Research
Fellow at Cornell University, Ithaca, NY. Since
1994, she has been a member of ETIS Laboratory,
UMR 8051, ENSEA, Cergy-Pontoise University,
CNRS, Cergy-Pontoise, France. Currently, she
is the head of the ETIS laboratory. Her current
research interests are in signal processing for dig-
ital communications: iterative (turbo) processing,
analysis of communication systems (multi-band OFDM, CDMA, OFDMA,
Hybrid-ARQ), and optimization of the physical layer resources due to a
cross-layer approach.

Dr. Fijalkow has been an Associate Editor of the IEEE TRANSACTIONS ON
SIGNAL PROCESSING and is the member of several technical committees.

Patrick Tortelier graduated from ENST (Ecole Nationale Supérieure des Télé-
communications) in 1979.

In December 1980, he joined the CNET (Centre National d’Etudes des Télé-
communications, now Orange Labs) as a Research Engineer. He was involved
in digital communications studies, mainly in the field of error correction codes.
He was project leader, first in a project gathering digital communication ex-
perts of Orange Labs for advanced studies on future systems, and in a Software
radio project, where a reconfigurable platform was defined and implemented
(IST projects Scout, Trust). Since the end of 2006, he has been involved in cog-
nitive radio and dynamic spectrum allocation studies.



