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Abstract: Cognitive radio will enable terminals with access to licensed and unlicenseirs of the spectrum. This feature is
expected to solve bandwidth scarcity problems in future wireless netwdodkgever, different parts of the spectrum will be subject not
only to different propagation conditions, but also to different licensimg) lzilling agreements. Therefore, in order to obtain the major
profit and spectrum efficiency, resource allocation algorithms mugttamet both network and economic performance metrics. This
problem can be conveniently expressed as a multi-objective portfolio ization problem, which has been studied in detail in the
field of economics. This paper addresses the study of network andméoPareto optimal trade-off performance regions of cognitive
radio systems under average transmit power control policies. Eatletgaansmission in primary and secondary mode is regarded as
a financial asset whose average transmit power is optimized so as ttesieawsly maximize return and minimize risk, where risk is
the variance of the return. This paper studies three types of Pareto bptidexoff regions: primary vs. secondary throughput, return
vs. risk, and sum-throughput vs. fairness, where fairness isaealby means of the Gini index. The boundaries of these trade-off
regions are derived in parametric closed-form expressions. A mpoargrol policy is further proposed that maximizes return while
simultaneously controlling risk and ensuring a level of quality of servicgpfomary and secondary users. This means that operators
can maximize revenue and network efficiency, while simultaneously mimghizsk and also ensuring fairness between primary and
secondary users.

Keywords: Cognitive radio, multi-objective portfolio optimization, spectrum aggregasielection.

1 Introduction 1.2 Motivation

1.1 Cognitive Radio (background) Cognitive radio promises an adaptive and opportunistic
access to different portions of the spectrum, thereby

The increasing demand for higher data rates means thatmproving end-user satisfaction and partially solving
larger amounts of bandwidth are required to bandwidth scarcity problems. However, different parts of
accommodate all traffic requests. Unfortunately, thethe spectrum will be subject not only to different
current spectrum licensing paradigm has proved highlypropagation and load conditions, but also to different
inefficient, as most of the licensed spectrum bands remaiticensing and billing agreements. For example, consider
largely underutilized for long periods of time. This issue the terminal licensed to operate in LTE (long term
has led to spectrum scarcity problems for future evolution) in Fig.1. With the help of cognitive radio, this
applications 1]. terminal can opportunistically access an unlicensed

A solution to this problem can be found in the area of frequency band such as the ISM band (industrial,
cognitive radio, where smart, highly adaptive and efficientscientific, and medic), which is commonly used for WiFi.
sensing and radio transmission devices are expected td/henever the LTE service is degraded due to load or
opportunistically access different frequency bandsfading, and the ISM band is sensed as available, then the
without significantly disturbing licensed or primary user can be handed over to WiFi without losing
users PJ- [4]. connectivity.
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e 1.3 Paper contributions
W)

\E The allocation of radio resources in a cognitive radio

(opportunistic ) network with heterogeneous licensing/billing agreements

as well as different network and radio propagation

I1SM primary user conditions must reflect the complex trade-off between the

network and economic worlds. This problem can be

Fig. 1 Example of opportunistic spectrum access with cognitive conveniently expressed as a multi-objective portfolio
radio. optimization problem, which has been investigated in
detail in the fields of economics and finance
theory B]- [8]. This paper attempts to partially address
this issue by optimizing the transmit power for primary
and secondary transmissions in terms of economic

: . . %dicators, such as return and risk, in addition to the
a good level 9f qy_allty of service. By contrast, in t_he ISM conventional network performance metrics such as
band the availability of such resources is less reliable du%hroughput and load

to the contention process with all other users in contiguous i o ]
WiFi networks or other ISM services (e.g., Bluetooth). This paper proposes a multi-objective function that
band the user can be charged according to the amount @vailable resource of each frequency band such that the
data exchanged over the connection. This is because tHgtal return is maximized and the risk (or variance of the
operator has invested a considerable amount of money ifeturn)  is  minimized  or  controlled.  This
spectrum licences and needs a return for its investment a@COnomic-optimum average transmit power policy is
well as a margin profit. By contrast, in the ISM band there compared to the policy that maximizes the throughput
connection is by means of WiFi, the user can be chargedrimary and secondary transmissions  transmit
in terms of the duration of the connection with a fee Simultaneously all the time, thereby interfering with each
relatively lower than in LTE. Conversely, it is also othe(. .Our aim is to explore'spatial reuse in the context of
possible that the LTE operator does not owe ISM cognitive radio. T_h_e extension to more c_omple_x multiple
transmission technology, but instead it is provided by a@CcCcess {ind cognitive sensing schemes is straightforward.
third party operator that charges for hot-spot services ove 10 facilitate analysis, a packet reception model for
different geographical areas. In this case, the LTERayleigh channels is also proposed that allows for the
operator might charge users with an additional fee forcalculation of correct packet reception statistics in
opportunistic services in the ISM band to cover for the closed-form expressions in the presence of interference
cost of the third-party networking services. between primary and secondary users.

As it can be observed with this simple example, the  The boundaries of three types of Pareto optimal
licensing and billing agreements of different portions of trade-off performance regions are here derived in
spectrum, as well as their radio resource managemengarametric closed-form expressions: primary vs.
requirements can be considerably different and complexsecondary throughput, risk vs. return, and sum throughput
In this heterogeneous landscape, operators face thes fairness. By inspection and by analytical work,
following problems with cognitive radio networks: conditions are derived for simultaneously achieving
g1aximum throughput and maximum economic
performance. This means that operators can
simultaneously maximize revenue and network resource
efficiency. A transmit power control policy is further
proposed that maximizes return while, simultaneously,
controlling risk and ensuring a level of quality of service
for primary and secondary users. This means that
operators can maximize economic and network efficiency
while ensuring a given level of fairness between primary
and secondary users. The trade-off performance regions
of this transmission policy are characterized and
discussed. The results in this paper also give some
This paper aims to partially answer these questions byndication of the economic parameters in terms of return
merging economic and networking optimization tools in and risk that will provide operators with optimum
the analysis of cognitive radio networks with average network and revenue performances, which can be also
transmit power control. useful in the design of billing schemes.

In LTE, radio resources are usually allocated by the
central scheduler in a dedicated fashion, thereby ensurin

1.How to allocate spectrum resources so as to obtain th
maximum network and spectral efficiencies?

2.How to allocate spectrum resources in order to
maximize the return of investment and margin profit,
while simultaneously reducing risk or variations of
the return?, and

3.How to bill the users for the licensed and
opportunistic services so that the prices are
competitive and attractive in the market and the return
and network resource efficiency are kept at an
acceptable level?
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1.4 Related works and comparison This paper is organized as follows. Sectich
describes the system and signal models. Secfion
Techno-economic analysis and study of wireless networkpresents the packet reception model for primary and
has been addressed before in the literature. Thesecondary user transmissions. Sectibrdescribes the
conventional approach was the use of a techno-economiperformance metrics (network and economic) including
model to evaluate the revenue of an operator under @he definition of throughput, return vs. risk and
given set of resource allocation assumptions. The mairsum-throughput vs. fairness trade-off performance
objective was to find the optimum resource allocation thatregions. Sectio® proposes the transmission policies that
provides the largest revenue and that satisfies users of thechieve the boundaries of the three types of trade-off
network P]. In the context of cognitive radio, research in performance region, as well as an additional policy that
this area has been intensive due to the relevance ofnsures a level of fairness between primary and secondary
understanding the potential gains of opportunisticusers. Sectiob presents the results by means of sketches
spectrum usage. A review of different approaches for theof the three types of region under different network and
use of economic optimization tools in cognitive radio can economic conditions, and finally Sectighpresents the
be found in L], where the authors have proposed a conclusions.
market equilibrium approach where primary and
secondary users implement a learning algorithm so that
they can adapt the amount of spectrum used, the pricin@ System and signal model
and the optimum demand that achieve equilibrium. Most
of the existing works are based on game theoreticConsider the deployment scenario in FRwith L = 2
concepts (seelfl]- [15]). The work in [L4] has used an networks, operating iK = 2 different frequency bandfgy
atomic congestion game theoretic approach in a wireles@nd f,, respectively. The two networks are assumed to
network with spatial reuse and inter-user interference have a total oM orthogonal radio resources available for
The work in [L5] addresses the problem of calculating the allocation on each of the frequency bands, one for
optimum spectrum pricing in a dynamic market spectrum.primary (licensed) transmissions, and the other one for
Another related approach for the use of economics insecondary (opportunistic) transmissions. Netwbrk 1
cognitive radio can be found in works such akg][ uses frequencyf; for licensed transmissions arfd for
and [17] and references therein, which are based on theopportunistic transmissions. By contrast, network 2
concepts of auction theory. uses frequencyf, for licensed andf; for secondary
This paper addresses the optimization of cognitivetransmissions. For simplicity, we consider all the
radio networks under a slightly different approach. We resources to be statistically identical.
use multi-objective portfolio optimization under the Let us focus on a single radio resource: a primary user
assumption that each packet transmission is a financiawill experience a channel with its serving base station
asset. Our work explicitly introduces the concept of risk denoted byh, and a channel with the potential source of
in the resource allocation problem and derives relevaninterference given by a secondary transmission denoted
expressions that allow for an interpretation of the reseurc by hsp. Similarly, a secondary user will experience a
allocation problem as a financial stock market problem.channel with its serving base station denotechppnd a
The work in [L8] has used the concept of return and channel with the potential source of interference from a
variance of the return but in the context of spectrum primary transmission denoted bys. All channels will be
pricing and copyright. The work in7] has used a modelled as circular complex Gaussian random variables
multi-objective criteria optimization in the problem of with zero mean and variances denoted, respectively, by:
radio access technology selection. Our approach 995, 02, 0%, andap, It is assumed that both BSs always
different from these previous works regarding the explicit have information ready to be transmitted to the two types
use of multi-objective optimization and the exploration of of user (full queue), which means that they permanently
the boundaries of different Pareto optimal trade-off interfere with each other. The extension to more complex
regions. This allows us to visualize geometrical attrisute medium access control schemes with interference or
and the potential trade-off between network and economicollision avoidance is straightforward. Each BS attempts
performance metrics. In other words, instead of deriving ato control the transmit power of primary and secondary
resource allocation policy that achieves a Nash or marketransmissions based on the information collected during
equilibrium between primary and secondary users as irthe sensing and cognitive phases. The aim of this power
previous works, here we explicitly explore the boundariescontrol scheme is to achieve a good trade-off performance
of different trade-off performance regions, and from their in terms of different metrics that will be defined later in
study we propose a policy that achieves a good trade-ofthis paper.
in terms of network and economic performance. In this ~ Now, consider that primary and secondary users
sense, our approach complements previous works in théeceive packets with N symbols, denoted here,

literature by providing a framework for trade-off analysis respectively, by X, = [X5(0),...,xp(N — 1)]T, and

and explicit interpretation of financial market stock tools xs = [xs(0),...,xs(N — 1)]T, where ()T is the vector

in cognitive wireless networks. transpose operator. Let us assume that packets are
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transmitted with average transmit power values given by:

Elxpxp] = rp and E[xg'xs] = rs, where E[] is the = Pr{rp|hp|? — Brs|hsp|? > BoZ} . (4)
statistical average operator. The signals of primary and ) i )
secondary transmissions in the presence of permanery Using the change of variables, = rpfhp|*,

interference are thus given, respectively, by: Up = —Prs|hspl?, andwyp = z, + up, then @) becomes:
Yp = hpXp+hspXs+Vp, and ygp = hsXs+ hpeXs+ Vs, dp = Pr{zp+up > Boi} =Pr{wp > Boi}.  (5)
1
where  vp = [p(0),....vp(N — 1) a(n()j Therefore, it is now possible to calculate the statistics of

wp to derive an analytical expression fqg. Let us first
hconsider that the probability density and the characterist
functions ofz, andup are given, respectively, by

Vs = [Vs(0),...,Vs(N—1)]" are the Gaussian noise vectors
modelled as a complex circular Gaussian variables wit
zero mean and variance?: v(n) ~ €.4°(0,02). The
instantaneous  signal-to-interference-plus-noise  ratio 1 R

(SINR) for primary and secondary transmissions in thefz,(zp) = —e /%, W, (iw) = (1—iw2p)‘1, 7y, >0,
presence of interference can be written, respectively, as: p (©)

5 — )
relhs? wherez, = E[zp] =05, and

)

r,hp|2
Tl

G2+ rglhspl?’ 02 +rplhps|?”

1 a . O
fup (Up) = =€/, (i) = (1+ilp) %, up <0,
p
_ )
where 0, = E[up] = Brsos, Since z, and u, are
statistically independent, the characteristic functidn o
f f1 their sumw, = z, + up is given by the product of their

(ficopsed) ’ (oppertunistic) individual characteristic functions i and 7):
2 2 . . . PN PO
(opportunistic) (licensed) Wy (iw) = Wy (i) Wy, (iw) = (1—iwzp) H(1+iwlp) L,
rp— @8)

which can be rewritten by partial fraction expansion (PFE)

as:
@ QQ Wy (i) = Ap(1—iw2p) L+ Bp(L+iwlp) L, (9)

whereAp = (14 Up/Zp) " andBp = (1+2,/Up) *. The
Fig. 2 System scenario for cognitive radio. back-transform ofg) provides a CCDF ofv, given by:

1— Fy (Wp) = Ape™W0/%, (10)

Finally, the correct reception probability of a primary
3 Packet reception model transmission in the presence of interference from a
secondary user can be calculated as the CCDFL@) (
This section presents the packet reception model fowvalued alwp:BU\?:
primary and secondary transmissions. The correct
reception probabilities of packet transmissions towards Up = 1—pr(l303) - Apefﬁavz/?p, (11)
primary and secondary users in the presence of
interference, denoted here, respectivelyggyandgs, are  Following the lines of the derivation of1(), the
defined as the probability that the instantaneous SINRs irexpression for correct reception probability of a
(2) surpass a reception threshgd secondary transmission in the presence of interference
from a primary user is given bgs = A P%/% where
dp=Pr{yp > B} and ds="Pr{y> B}. () As=(1+0s/2) L 2 = rs02 ands = Brpogs-

By substituting 2) in the previous expression for the

correct reception probability,, we obtain: .
pronp o 4 Trade-Off performanceregions

Ap = Pr{rp|hp|?/(0Z +rshspl®) > B},

which can be rewritten as follows

4.1 Throughput region

The main network performance metric to be used in this
dp = Pr{rp|hp|? > B(0Z + |hsp?) } paper is packet throughput, which can be defined as the
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long-term ratio of total number of correctly transmitted sum-throughput vs. fairness trade-off regi@h is the
packets to the total number of time-slots used in theunion over all possible realizations of transmit power
measurement. The packet throughput of primary usersalues:

can be related to the correct packet transmission _ .

probability as follows: ¢r ={FIT=T(r),F =F(r),0<rp,rs <rmax. (17)

Tp=(1—N)0p, (12)  The sum-throughput vs. fairness trade-off region can be
also considered as the region where all the possible values

wheren is the block error rate (BLER) of the modulation 0f sum-throughput and fairness exist.

and coding scheme being used for the transmission,

gp = Pr{yp > B} is the packet reception probability in

(12), and B is the reception threshold for the given 4.3 Return-risk region

modulation and coding scheme and for the given BLER

n. In this paper, we will assume all packet transmissionsThe main objective of this paper is to optimize the
will use the same modulation and coding scheme andransmission parameters of primary and secondary users
therefore for simplicity the throughput will be considered according to network and economic metrics. To achieve

as equal to the reception probability: this goal, we will borrow concepts from the theory of
multi-objective  portfolio  optimization, which is
To=0p and Ts=0s. (13) commonly used in the fields of economics and finance

theory ). In a financial portfolio optimization problem, a
Let us now define the concept of throughput regionportion of each financial asset from a given set of assets
following the concepts found irLP]. For this purpose, let  has to be optimized so as to maximize revenue or return
T =[Tp, T4 be the vector of stacked throughput values and simultaneously control or minimize the risk or
of primary and secondary users, ane [r, rs|]" be the  variance of the returng]. In this paper, we will consider
vector of stacked average transmit power levels. Thesach correct packet transmission as a financial asset.
throughput regionét is the union over all possible Therefore, we will attempt to optimize the transmit power
realizations of transmit power values: levels of primary and secondary transmissions in the same
. - way as optimum allocation weights for the different assets
e1 ={T[To=Tp(r), Ts=Ts(r),0<rp,rs<rmaxt, (14)  are calculated in a financial portfolio optimization
problem. For this purpose, let us define some economic
metrics such as the instantaneous return per correctly
transmitted packet in primary mode &s, and in
€5econdary mode g%. Since packet reception is a random

where rmax is the transmit power constraint. The
throughput region can be also considered as the regio
where all the possible values of primary/secondary us

throughput exist. process, let us define the instantaneous return of a
primary user as follows:
4.2 Sum-throughput vs. fairness trade-off region Instantaneous return primary =
The sum throughput of primary and secondary users can
be simply defined as: Rp = Pptp, (18)
wheretp is a binary random variable that takes the value
T=Tp+Ts (15) of tp = 1 if the packet was correctly transmitted and the

. . S . . value ofty = 0 if the packet was incorrectly transmitted.
The metric for fairness to be used in this paper is the GInIBy averaging the previous expression we obtain:

index, which is commonly used in the field of economics.
The Gini index takes value between zero and one: a value Averagereturn primary = E[Ry]

of one means that one user takes all the throughput (worst

fairness) while the value of zero means complete fairness

when all users get identical performancéd][ In our = Rp = E[pp|Pr{tp = 1} = PpPr{yp > B} = Ppdp- (19)
setting the fairness Gini indicator is defined as a minor

variation of the definition inZ1]: Following the lines of the previous derivation, the

expressions for average return of secondary packet
_ transmissions can be written as follows:
TotTs Rs = PsGs (20)

Fe

where|- | is the absolute value operator. Let us now define| et us now calculate the risk of a primary packet
the concept of sum-throughput vs. fairness trade-offtransmission as the variance agj:

region. For this purpose, I€& = [T Fg]" be the vector A

of stacked values of sum-throughput and fairness. The Risk primary = S, = E[(R, — Rp)?]
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= E[RS] — RS = E[pA|Pr{tp = 1} — (Ppp)? = This multi-objective optimization problem can be
reformulated by using the method of scalarizatié [
= E[P5IPH{Vp > B} — (Bpdp)* = E[p5]dp — (f’DQP)zél)
Note that the term&[p2] and E[pp] = P, are related to _ . - @)
the financial fluctuations of the transmissions in theWhere ur is the trade-off weight between primary and
primary band, whereas the termgs andq,% are related to  Secondary throughput functions. By solving this problem
the fluctuations of the channel conditions. Now, both for different values ofur it is possible to obtain the
types of fluctuations usually occur in different boundaries of the throughpu'F region, which can also be
time-scales. Since we are interested in short-ternf€garded as the Pareto optimal trade-off curve of the
fluctuations, particularly in the time scale of radio Multi-objective optimization problem 6]. Since the
resource allocation schemes, it would be possible tdhroughput expressions for both primary and secondary
ignore the terms related to financial fluctuations, USErs increase monotonically with the transmit power
However, in this paper these terms will not be dropped adevels, their global maxima are given when one or both
they will be used for assigning different priority levels to POWer levels are set to be equal to the maximum transmit
primary and/or secondary transmissions. This will allow POWer constraintmax. Therefore, the boundaries of the
us to control in a better manner the proposed short-ternihroughput region are given by the following set of

radio resource allocation schemes. Following the lines ofCUrves:

Fopp=argmax Tp+ urTs, subjectto rp,rs < rmax
r

the derivation of 21), the expression for the risk of Tp=Tp(rp =rmax s € {0,rmax}) (28)
secondary packet transmissions is given by: and
és _ E[pg]qs_ (ﬁst)2~ (22) Ts=Ts(rp = rmaxr's € {0, rmax}) (29)
) o ) for the case wheny = rmay and
Finally, the total average return combining primary and
secondary transmissions, denoted here Ryycan be -|“-p = Tp(rp =€ {0,Imax},'s = I'ma) (30)
calculated as:
A and
Total averagereturn =R TS:TS(rp:E {0, F'maxd,Ts = Fmay) (31)

A oA for the case whens = rmax.
=Rp+Rs, (23)

Following the lines of the derivation of the previous . . ,
expression, the total risk, denoted here Sycan be 5.2 Sum-throughput vs. fairness region optimum

calculated as follows: ] )
o To derive the boundaries of the sum-throughput vs.
Total Risk =S=§+5S;, (24) fairness trade-off region, a multi-objective optimizatio

, i . scheme is here proposed, where both the sum-throughput
Having defined the total average return and the total riskgnd fairness can be simultaneously optimized:

let us now define the concept of return-risk region. For this
purpose, leM = [R ST be the vector of stacked return ropp=argmax [ T, Fg | st MpsT's < Fmax
and risk values. The return-risk regi@ty is the union over r 32)

all possible realizations of transmission power levels: This multi-objective optimization problem can be

G = {|\7| ||§: Q(r)’gz é(r)70 <IpFs<Tmaxt, (25) reformulated by using the method of scalarization:

which can be simply considered as the region where all thg opt = argmax T+ peFg, subjectto  rp,r's < max

possible values of return and risk exist. (33)
where g is the trade-off weight between primary and
secondary throughput functions. Since the throughput and

5 Optimum power control policies fairness expressions increase monotonically with the
transmit power levels, their global maxima are given
5.1 Throughput-region optimum when one or both power levels are set to be equal to the

maximum transmit power constraing,ax. To derive the
To derive the boundaries or envelope of the throughputoundaries of this trade-off region, let us focus on two
region, a multi-objective optimization is here proposed, extreme cases. The worst fairness performance with the
where allT’s can be simultaneously optimized: highest value of sum throughput occurs when the user
. with best channel conditions is allocated with the
Fopt =argmax [ Tp, Ts | subjectto rp,rs<rfmax  maximum power constraint. By contrast, the best faimess
(26) performance with the highest sum-throughput occurs

© 2013 NSP
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when both primary and secondary users achieve the samgy obtaining the parametgr, from any of the equations
throughput given the user with the worst channel isand substituting it back in the other expression we obtain:
allocated with the maximum transmit power constraint. A A A

The boundaries of the sum-throughput vs. fairness region ﬁﬁ _ ﬁﬁ _

can then be simply obtained by extending the orpdrs  0drsdrs

performance metrics from these two extreme points and hich be al d as:
by changing the value of the power of the user that wag/ich can be aiso expressed as.

not initially allocated with the maximum power R IR

constraint. Therefore, the boundaries of the drp 0rs
sum-throughput vs. fairness trade-off region when the

primary user experiences better channel conditions than ) , ) )
the secondary user are given by the following set ofWhereJe is the Jacobian matrix. Due to the complexity of
curves: this expression, the solution will be obtained by means of

x . a numerical method. The solution for this expression
T =T(rp = max s € {0Fmax) (34)  Combined with the expressions i#3) and @4) provide a

s 25 ]|=0 (40)

drp Ors

and parametric form (in terms of the power levels) of the
IEG:FG(rp:rmastE{O,Ymax}) (35) boundary of the return-risk region. This solution is
complemented by the boundary conditions which are
whenrp = rmax and obtained by setting the transmit power variables equal to
5 the maximum power constraimt,ax or equal to zero.
T=T(rp € {rp,"max},rs = max) (36)  Sketches of the different trade-off regions are provided in

the following section.
and

IEG = I:G(rp S {rE,rmaX}ars = I'max) (37)

whenrs = rmax. The termrpx denotes the value of power
for which the throughput of primary and secondary usersin the previous subsections we addressed the derivation of
is identical givenrs = rmax. Similar expressions can be the boundaries of the three types of trade-off region.
derived for the case when the secondary user experience@gowever, it is possible that none of the points of such
better channel conditions than the primary user. boundaries provide a convenient network and economic
performance solution for a given operator. To address this
issue, let us now derive a transmission policy that
5.3 Return-risk optimum: Financial Portfolio maximizes return while qontrolling the risk, but which is
optimization al.f,o able to ensure a given thrqughput performance for
primary and secondary users. This can be expressed as:

5.4 Optimum transmission policy with fairness

To derive the boundaries of the return-risk region, a ropt:argn']a)R» st S<&,
multi-objective portfolio optimization is here proposed,
where both return and risk functions can be T > T.> a1
simultaneously optimized: p=0plp,  Is = Asls,  Tp,Ts < Fmax (41)
o where ap and as are the constraints on primary and
ropp=argmax [ R, S ] subjectto rprs<rmax Secondary throughput performance, respectively. In the
' (38 following derivation we assume that the inequality

This multi-objective optimization problem can be constraints Tp 2 OpGp a.nd s = UsGs can be .
reformulated by using the method of scalarization: simultaneously achieved. Since the return is an increasing
function in terms of the average power levels of primary

_ 5,8 i and secondary users, the solution that complies with all
fopt = a9 rr;a>R HrS,  subjectto Tp,Ts <Tmax (39) the constraints can be found by exploring all the
. . ., intersections points between the different equality
where i is the trade-off weight between return and risk consiraints and the boundary of the return-risk region
functions. By differentiating the objective function with S=% Tp=apGy Ts=asgs andbd(%y), where
respect tap andrs we obtain: bd(%y) indicates the boundary of the regicfiy) and
select the intersection with the best return value.

AR  dS 0
arp TH ors
6 Resultsand discussion
and
IR S This section presents the sketches of the three types of
cTrSJF“deS =0. trade-off performance region studied in this paper. The
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results will be divided in two cases: one where the
interference between secondary and primary users is high :
and the second one where this interference is relatively
low. Primary users will be modelled with channel
parameter ofag = 4, while secondary users will use a

Full power secondary

£
H
parameter obZ = 2. Interference parameters in the high goq % / - _ e
. . . . s o ull power primary and secondary
interference scenario will be given byszp =10 and § %, R
ogs = 12. Interference parameters in the low interference ¢,
. . . Full power primary
scenario will be given byoZ = 0.5 and oj; = 0.25. .
Reception threshold is set to a valueft 1. Regarding R N N NG N I I

Throughput primary [packets/time-siot]

the economic parameters, the secondary transmission wil
always be considered with a higher financial risk value

with E[pf] — p§ = 10, while the risk in primary Fig. 3 Throughput region of a cognitive radio system with high

transmission will be fixed too to a value of jnterference and primary transmission with higher return than
E[p3] — pP = 0.1. In the case of the average return we secondary transmission.

will conS|der two cases: one where the return of the
primary transmission is higher than the average return of
the secondary transmissiompy(= 5, ps = 1), and the
second case where secondary transmissions experienc 1
higher average return than primary transmissiqgps= 1, 05
ﬁs = 5)-
Fig. 3, 4 and 5 show, respectively, the throughput,

return-risk, and sum throughput vs. fairness trade-off

0.8

0.7 Full power primary

Sum-Throughput{packets/time-slot]

regions in a system with high interference and where geeq = S e T
return in the primary is higher than the return in the 05|
secondary. Note that the throughput region in Bgis 04 e iy with s

non-convex. All figures show the region projected by the
proposed power control policy with fairness considering o o1 o2 o3 o4 o5 o6 o7 o8 oo 1
the constraintsr, = 0.3, as = 0.1, andS = 7. The sum Femessndater

throughput vs. fairness region in Fig.shows that worst

fairness performance, which is also the point of higherFig.4 Sum-throughput vs fairness trade-off region of a cognitive
sum-throughput performance, occurs when primary useradio system with high interference and primary transmission
is allocated with the maximum power constraiptyx By with higher return than secondary transmission.

contrast, the point with the best fairness performance is
given by the point where the secondary user is allocated

with the maximum power, at the expense of
sum-throughput reduction. In this figure it can be also o
observed that the proposed policy maintains a fairness
below the value of 0.6, thereby showing that it provides
good fairness performance. In the return vs. risk trade-off
region in Fig.5 it can be observed that the maximum risk
performance is given when the secondary user is allocatec o . ee

° Null power secondary

Full power secondary

Full power primary and secondary

Full power primary

Risk
w
L

Policy with fairness

with full power. By contrast, the lowest risk performance, 1o

which gives also the highest return performance, is given B TR S

when the primary user is allocated with full power. Since R

none of these performance points provide fairness, it can EEEE R

be observed that the proposed policy with fairness gives
us a good trade-off between the achieved return and the
risk associated with the allocation. Note that the Fig. 5 Return-risk region of a cognitive radio system with high
boundaries of this trade-off region are given exclusivelyinterference and primary transmission with higher return than
by boundary conditions with maximum or null power secondary transmission.
allocation.
Fig. 6, 7 and 8 show, respectively, the throughput,
return-risk, and sum throughput vs. fairness trade-off
regions in a system with high interference and where
return in the primary is lower than the return in the
secondary. While the throughput and sum throughput vs.
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fairness trade-off regions remain quite similar to the
previous case in Fig3 to Fig. 5, the return vs. risk
trade-off region in Fig8 has been considerably changed.
The point of maximum return is now given when the
secondary user is allocated with full power, which also
provides the point with maximum risk, as secondary
transmissions have been considered as always more risk
than primary transmissions. We can observe that in
comparison with the previous example in Fighe return
obtained by the policy with fairness is lower, and indeed
the whole return performance seems to be much more
limited. This suggests that having a primary system with
higher return than a secondary system provides much
more flexible allocation in order to obtain good

Risk

Null power primary

'« Full power primary

Full power primary and secondary

Policy with fairness

Null power secondary

T T T T T T T
15 2 2.5 3 35 a a5
Return

Fig. 8 Return-risk region of a cognitive radio system with high

performance both in terms of economic and networkinterference and primary transmission with lower return than

metrics.

Full power secondary

/

o
o
o
o
o
o
o
C Full power primary and secondary

il

Policy with fairness

Throughput secondary [packetsftime-slot]
°
&
|

Full power primary

it L SN

T T T T T T T f
01 02 03 0.4 05 0.6 0.7 08 0.9 1
Throughput primary [packets/time-siot]

Fig. 6 Throughput region of a cognitive radio system with high
interference and primary transmission with lower return than
secondary transmission.
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0.5 Full power
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04 000 - Policy with fairess
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Fairness indicator

secondary transmission.

Fig. 9, 10 and 11 show, respectively, the throughput,
return-risk, and sum throughput vs. fairness trade-off
regions in a system with low interference and where
return in the primary is lower than the return in the
secondary. It can be observed that the throughput region
in Fig. 9is now convex as compared to the case with high
interference in Fig.6 and 3. The sum-throughput vs.
fairness trade-off region has also changed. The maximum
sum throughput is now given by the point where the
secondary user is allocated with full power and not the
primary user as in the previous cases. The return vs. risk
region in Fig.11is also different. In comparison with the
previous cases, where the boundaries were given by
simply using maximum or null power allocation
conditions, in this case one part of the boundary is given
by the solution of the jacobian determinant in &g)(

The proposed policy with fairness can be observed in all

figures to comply with the constraints on throughput and
risk.

° o o © © ©° 0 o0 o0oooo

Full power secondary

Full power primary and secondary

¥

Full power primary ———>*

secondary [packetsftime-slot]
&
I

Policy with faimess

P

T T T T T T T T
01 02 03 0.4 05 0.6 0.7 0.8 0.9

Throughput primary [packets/time-siot]

.

Fig. 7 Sum-throughput vs fairness trade-off region of a cognitive Fig. 9 Throughput region of a cognitive radio system with low
radio system with high interference and primary transmissioninterference and primary transmission with lower return than

with lower return than secondary transmission.

secondary transmission.
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the primary band in order to provide additional

"
)

\ opportunistic services.
vl \ ®*ee, o— Full power primary
éu Full power secondary °os ..
] ° .
2 1 Policy with fairness ————> * e
_‘g Wl ° o o o o o oaonom
E o6 | os ] Full power secondary P
] Full power primary
0.4 2 07 and secondary
go.s— Full power primary %
— L =
Fairness indicator 2 *
g‘“ ] Policy with fairess :
Fig. 10 Sum-throughput vs fairness trade-off region of a i
cognitive radio system with low interference and primary . s
transmission with lower return than secondary transmission. O Rsiimmeimoeenay
Fig. 12 Throughput region of a cognitive radio system with low
interference and primary transmission with higher return than
- mconn st secondary transmission.
] acoblan solution —___

12 Null power primary

Full power primary \
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~
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Fig. 11 Return-risk region of a cognitive radio system with low
interference and primary transmission with lower return than
secondary transmission.
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Fig. 12, 13 and 14 show, respectively, the throughput, Fig. 13 Sum-throughput vs faimess trade-off region of a
return-risk, and sum throughput vs. fairness trade-offcognitive radio system with low interference and primary
regions in a system with low interference and wheretransmission with higher return than secondary transmission.
return in the primary is higher than the return in the
secondary. The main difference with respect to the
previous case is that the return-risk region in Fid.is
now larger than the region in the case where primary has
lower return than the secondary, and mainly the proposed Conclusions
policy with fairness has a much better and extended
performance over the projected region. This confirms theThis paper has presented the derivation of the optimum
previous result where better economic performance isaverage power transmission policies that will allow a
obtained when the return in the primary is higher than thecognitive radio system to achieve, respectively, the
return in the secondary. This result can be useful in theboundaries of three types of trade-off regions: primary
design of billing and pricing schemes that give moreversus secondary throughput performance, sum
weight to primary than to secondary transmissions. Thisthroughput vs. fairness, and return versus risk (variamce o
also suggests that in order to obtain a good economithe return) trade-off performance. The later transmission
performance, a given operator might want to keep apolicy is based on a multi-objective portfolio optimizatio
reliable licensed primary band to support the major partapproach that blends network with economic performance
of the requested traffic, and a secondary band which isnetrics. A packet reception model was also proposed for
more unreliable, more risky and with lower return than Rayleigh channels to derive closed-form expressions that
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