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Abstract

We investigate a method to set the maximum allowable transmit power for a secondary base station in dynamic
spectrum sharing among secondary users and primary users. In conventional methods, location information is
assumed. Thus, the maximum allowable transmit power can be set by considering the shadowing between the
secondary base station and the primary user receivers to satisfy a constraint. Specifically, the probability that the
interference from secondary base station exceeds the acceptable level must be less than the constraint target
probability. We assume that the location information is not available at the secondary network. Instead, the secondary
base station uses the received signal strength from the primary user transmitter for distance estimation. In this case,
we have to consider shadowing not only between the secondary base station and the primary user receivers, but also
between the primary user transmitter and the secondary receiver(s). We also need to account for the uncertainty of
the distance. In order to satisfy the constraint target probability, we proposed a two-step approach to setting the
maximum allowable transmit power where a transmission decision margin and a transmit power margin are utilized.
To reduce these margins, we also propose cooperative maximum allowable transmit power setting method utilizing
also received signal strength values from several secondary users. Simulation results confirm the validity of the analysis
and show the effectiveness of the proposed cooperative maximum allowable transmit power setting method, i.e,, the
capacity based on cooperative maximum allowable transmit power setting method is significantly better than that of
non-cooperative maximum allowable transmit power setting method. In addition, we show a proper size of radius of

additional separation area to protect primary users by the numerical results.

Keywords: Cognitive radio, Cooperative spectrum measurement, Transmit power setting, Spectrum sharing

1 Introduction
Spectrum scarcity is one of the most pressing problems
in the field of wireless communications today. Since most
of the available spectrum has already been exclusively
assigned to licensed wireless systems, there is not much
left for emerging wireless services. On the other hand,
it has been reported that large portions of the assigned
spectrum in both the time and space domains are under-
utilized by licensed users, also called primary users (PUs).
This unused spectrum leads to temporal and geographic
white spaces [1].

To overcome the spectrum scarcity problem, two
promising techniques are used: opportunistic spectrum
access (OSA) and spectrum sharing (SS), with cognitive
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radio techniques performed by secondary users (SUs)
[2-6]. In the OSA approach, SUs are allowed to transmit
over a spectrum originally assigned to PUs only if the PUs
are not utilizing the spectrum [7-10].

To find such spectrum holes or white spaces, SUs gen-
erally employ spectrum sensing [11, 12]. In comparison,
in the SS approach, SUs can use the spectrum even if the
PU is active with a constraint on interference at the PU.
This constraint is usually defined by the interference level
at the PU receiver and/or the outage probability, which
is defined as the probability that the interference level is
beyond a given threshold. In general, the SS approach has
the potential to achieve greater spectrum utilization since
concurrent transmissions by PUs and SUs are allowed. In
comparison, only orthogonal transmissions are permitted
by OSA [5].

A comparison between transmit power setting based
on soft decisions (corresponding to SS) and transmit
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power setting based on hard decisions (corresponding to
OSA) was shown [13]. The comparison demonstrated that
transmit power adaptation based on a soft decision can
maximize the capacity of the SU.

In some research related to resource allocation with
SS, it has been shown that transmit power control can
improve the efficiency of spectrum utilization and pro-
tect PUs [14—24]. In fact, proper transmit power control
can protect PUs without spectrum sensing and increase
opportunities of SS by SUs [20].

In many of the works considering resource allocation,
perfect instantaneous channel state information (CSI) or
channel gain (in the link from the SU transmitter to the PU
receiver) was assumed to be available [14—18]. There are
several methods that could enable SUs to obtain the CSI.
For example, the CSI could be periodically measured with
a band manager or by using feedback from the PU receiver
to the SUs [25]. However, support from the PU receiver or
a third entity is necessary and such support is not always
available.

In [6, 26], techniques to observe the behavior or reaction
of the PUs have been proposed. For example, in [6], a SU
sends a probing signal to intentionally interfere with the
PU. The observed PU reactions, such as rate and/or power
adaptation as well as automatic repeat request feedback,
are used by the SU to learn the environment and set the
transmission protocol for adapting to the environment.

Instead of the instantaneous CSI, several works employ
location information (i.e., the distance between the SU
transmitter and the PU receiver corresponding to an
observation equipment for the distance) for transmit
power control. Most of the works, it assumed that loca-
tion information is available [19-23]. In [27-29], they
assume that location information is available through a
database and global positioning system. Given the loca-
tion information, the path loss (denoted by L) can be
determined and the SU transmitter can set a maximum
allowable transmit power (MATP) that gives sufficient PU
protection using an appropriate margin as a countermea-
sure against uncertainty such as shadowing [27-29]. For
setting margins appropriately, knowledge of statistics of
uncertainties is required.

In [24, 30], transmit power control based on a soft deci-
sion was investigated. In this research, the statistics of
the soft decision were assumed to be known by the SUs.
Specifically, estimation error in terms of the distance is
modeled by Gaussian random value in [24]. However, the
statistics may depend on the distance between the SU
transmitter and the PU receiver. Availability of the statis-
tical information is equivalent to the distance between the
PU and the SU being available at the SU side.

In [7, 31], L is estimated based on measured informa-
tion such as received signal strength (RSS) of PU sig-
nal and signal-to-noise power ratio (SNR). However, an
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effect of shadowing in the estimation was not consid-
ered sufficiently even thought it can significantly affect the
observed RSS values.

Accurate distance estimation between radios has been
investigated in ranging and localization. In [32, 33], local-
ization techniques for a cognitive radio network were
investigated. Important issues in distance estimation are
as follows: noise, multi-path fading, shadowing, and
uncertainty of location estimation. Time domain averag-
ing can suppress the effects of noise and multi-path fading
[34, 35]; therefore, these effects are not considered in this
paper.

Motivated by the aforementioned research, in this
paper, we investigate a method to set the MATP in the
context of the SS for a secondary base station (SB) based
on estimated distance between the SB and the PU trans-
mitter. The SB will estimate the distance based on the
RSS which is randomly fluctuating due to shadowing.
Therefore, we have to consider not only shadowing in
the link from the SB to the PU as in [27-29] but also
shadowing in the link from the PU transmitter, to the sec-
ondary receivers, to achieve an appropriate margin. In an
assumed scenario of this paper, the PU transmitter corre-
sponds to the PU base station (PB). In addition, there is a
new issue caused by the unavailability of distance informa-
tion. Specifically, appropriate margin for the shadowing
effects can be obtained based on the knowledge of statis-
tics of uncertainties, such as distance estimation; however,
the statistic depends on the actual distance even though
the actual distance is unavailable. We will show that the
proposed MATP setting can overcome the contradiction.

A constraint for protecting PU is set for the con-
straint target probability (CTP) where a probability that
the interference level caused by SB exceeds the allow-
able interference level should be less than CTP. Our main
contributions to the literature are summarized as follows:

1. For the issue of the unavailability of distance
information, we propose a two-step approach to
setting the MATP. In fact, the two steps consist not
only of the transmit power setting but also of the
transmission decision and the both steps are
performed based on distance estimation. In the
transmit power setting and transmission decision,
transmit power margin, T, and transmission
decision margin, dp,, are used, respectively.

2. We provide a theoretical analysis of statistics in
distance estimation and interference levels at the PU
under a log-normal shadowing environment. We
consider shadowing effects not only between the SB
and the PU receivers but also between the PB and the
secondary receivers (SUs and SB). We then derive
the appropriate margins, dm and Ty, based on this
analysis.
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3. Numerical results will show that the SU network Table 1 Nomenclature

(SN) throughput depends on the additional General

separation radius which is used for protection of PUs. MATP Maximum allowable transmit power

The SN consists of SB and SU terminals. For cTp Constraint target probability

example, without the additional separation radius, RSS Received signal strength

the transmit power margins are significantly PB, PN, SB, SN Primary base station, primary network, secondary
increased. This fact implies an existence of optimal base station, secondary network

additional separation radius, and this will also be B Bandwidth for PN operation

confirmed by the numerical results. Pc Constraint probability in (4)

4. We propose the MATP setting method based on Pe Constraint target probability (CTP)
cooperative spectrum measurement to achieve ) Type of MATP such as MATP-Z where Z is P,
smaller margins. The simulation results verify that Corl
the MATP setting method based on cooperative wand v Mean and variance
spectrum measurement improves the spectrum Cioun Downlink capacity for SN
utilization compared to the MATP setting using Caon Average downlink capacity for SN

spectrum measurement results only from the SB
(MATP setting method based on individual spectrum

Location and distance

measurement). Tep Radius of coverage of the PN

The rest of this paper is organized as follows. In fes Radius of coverage of the SN
Section 2, the system model and assumptions are shown. d Distance from PB
In Section 3, the proposed MATP setting methods are Adg Additional separation radius
described. Section 4 shows the analyses of the proposed dy = Icp + Adg: radius of extended PN coverage
MATP settings methods with a view to set the optimal dpu—su, Distance between the PB and the SU,,
margins. Numerical results are given in Section 5. The dsu, Distance between the PB and the SB
paper concludes with Section 6. ag{fo Estimated dsy,

The nomenclature list for most of the symbols and
abbreviations used in this paper is shown in Table 1.

dm (or dg))

Transmit decision margin

Transmission, propagation, and reception

2 System model and assumptions Teuo Transmit power of the PB in dB
In this section, we introduce the framework used through- Tsuo Transmit power of the SB in dB
out the paper. The network model shown in Fig. 1 is @)
. . . . SUg,max MATP
discussed in Section 2.1, and the MATP setting assum- @ : .
. . . . . . . K Tm (or T307) Transmit power margin
ing provided PU location information is explained in ) o ,
! Dr Binary transmit decision variable (0 or 1)
Section 2.2.
L(d) Path loss
2.1 Network model XpUg—SUp.0x Attenuation due to shadowing in the link
’ between PUg and SU
As shown in Fig. 1, there are two networks: the PN and , _ ° ! _
the SN. The PN consists of one central control station, I Variance of log-normal Shadéw_'ng model
such as a base station or broadcasting station, denoted Rouo—su, RSS level from the PB transmission at SUy
by PB and with PUs corresponding to terminals. The Reug—su, RSS level without the shadowing effect
PN is licensed to operate over a frequency band with R Estimated Rpu—su,
bandwidth B. The coverage of the PN is given by a cir- Iy Interference level at the PU receiver at the edge
cle with a radius r.,, with the PB located at the center of PN coverage
[36]. A PU receiver located at the edge of the cov- Tou Interference level without the shadowing effect
erage area corresponds to the worst-case scenario [7]. lin Allowable interference level at the PU
The distance d is defined as d = 0 at the location of
the PB, and the PU receiver lies at d = r,,. We define PU and SU
the extended PN coverage dj, to consist of the actual cov- PUo PB
erage and an additional separation radius Ady, such that SUo B
dg = rcp + Adgy. The main role of the additional sep- SUp(n=1,---,Ns)  nthSU terminal
aration radius Adj is to protect PUs [8, 37]. Thus, it is N Number of SU terminals

preferable that SB may not operate in the area where
dSUo < dg.
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PN coverage

Additional
separation area

SN coverage

U

PU-SU, =

SU,
d=r.

c.p

Fig. 1 The network model. The PU is located at the edge of the PB

coverage

The SN consists of one base station, SB, and Ny SUs
(terminals). The SB location is defined as d = dsy,, and
the radius of the SN coverage is denoted by r.s. The SUs
are assumed to be uniformly distributed within the SN
coverage.

In RSS measurement, the measured spectrum is dedi-
cated to the PB, such as broadcasting channel or downlink
channel of the frequency division duplex. In addition, the
averaging process in the measurement is assumed to sup-
press the effects of both multipath fading and additive
white Gaussian noise. In both the broadcasting and down-
link control channel, there may be continuous traffic and
sufficiently long measurement time is assumed to provide
accurate RSS level at the SUs.

The RSS level Rpy,— su,, from the PB transmission at the
nth SU, SU,,, is given by

Rpyysu, = Tru, — L(dsu,) + XpUg—SsU,,.04

= Rpuy—>su, + XpUp—>SU,040 (1)

where Tpy, is the transmit power of the PB in dB, L(dsy, )
is path loss in dB, dsy, is the distance between the PB
and the SU,, Xpy,—su,,0, reflects the attenuation due to
shadowing, and I_QPUO_> su,, indicates the RSS without the
shadowing effect. Note that the index n = 0 is used
for base stations. Without loss of generality, we assume
that antenna gains both of the PB and SUs are 0 decibels
relative to isotropic (dBi). We employ the log-normal
shadowing model [38] and assume that Xpy,-su,,., are
independent and identically distributed (i.i.d) normal ran-
dom variables with zero mean and variance o2. We
assume a standard path loss model with a path loss expo-
nent so that L(d) is given by

dmdy | d
L(d) = 10logy, (7;0> + 107 log;, (do>’ 2)

where dy denotes a reference distance, A is the wave-
length of the carrier frequency, and 1 denotes the path
loss exponent. Without loss of generality, we use dp = 1 m
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throughout this paper. The coverage radii of the PN and
the SN, r., and rs, are set based on the minimum
required received signal levels ypyn and ysy at the PN and
SN, respectively.

A interference level Ipy at the PU receiver caused by the
SB transmission is given by

Iy = Tsy, — L(dpu—su,) + Xsuy—PU,0,
= Ipu + XsUy—PU,05 (3)

where Tsy, is the actual total transmit power of the SB,
dpu—-suy, is the distance between the PU receiver and the
SB, and Xsy,—pU,0, is the log-normal shadowing effect in
the link. The constraint probability that the interference
level caused by SB exceeds the allowable interference level
is given by

Pc =P.(pu > I, (4)

where I, indicate the allowable interference level at the
PU. We set a constraint P,(Ipy > I,) < Pc, where Pc
denotes the CTP. This constraint is used throughout this

paper.

2.2 Maximum allowable transmit power setting with
provided location information
To satisfy the CTD, the SB has to set an appropriate Tgy,.
In the conventional MATP setting approach, it is
assumed that location information (dsy,) is known
[27-29]. We denote this approach by MATP-P, where P
stands for “provided location information,” i.e., the SB
knows the perfect location information. In the MATP-P,
dpu-su,, is also available at the SB since the SB knows
rep [28, 29]. Given this information, MATP satisfying the
constraint can be set as

Toth, max = Ith + Ldpu_sup) — 0:Q 7' (Pc),  (5)
where the P in Téﬁ)o,max indicates the MATP-P, Q~1(x) is
the inverse Q-function [39], and it is assumed that oy is
known at the SB. The term 0,,Q~(P¢) in (5) corresponds
to a margin against the shadowing effect in a link from
the SB to the PU. The MATP-P will be used as a reference
method in order to see the loss due to distance estimation
in the proposed approaches.

3 Proposed MATP setting
To satisfy the CTP with unknown distance to the PB, we
propose a two-step approach with distance estimation for
setting the MATP. A flowchart of this procedure is shown
in Fig. 2.

The actual problem caused by the unavailability of dis-
tance information is shown as follows. In general, the
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Distance estimation

4%, MATP-I: RSS from the SB
dy;) MATP-C: RSS from the all SUs and SB

Transmission decision

with margin 4" 15t step
d >d, +d?
| Derive MATP using transmit power margin 7,”’| 2" step

}

| Power allocation based on the MATP |

N

end

Fig. 2 A flowchart of the proposed MATP setting procedure.
Superscript (Z) indicates the type of MATP, i.e., (P) for MATP-P (C) for

MATP-C, and (/) for MATP-|

transmit power margin Tr, is set based on the worst-case
scenario, i.e., the SB locates at the edge of extended PN
coverage, dsy, = dg. In this case, the T, can satisfy the
CPT only when the SB is in the region where dsy, > d,.
However, the SB may operate in the region where dsy, <
dy since estimated distance is used. In this case, the CTP
can not be satisfied. For overcoming this problem, the
transmission decision with the decision margin is used to
protect the PUs.

The procedure of the setting the MATP is as fol-
lows. The SN first calculates an estimate of the dis-
tance. The distance estimation is based on either the RSS
value Rpy,— sy, collected by the SB alone (referred to as
MATP-I, where I stands for “individual measurement”) or
the RSS values Rpy,—su, and Rpy,—su, collected by the
SBand NsSUs (n = 1,2, - - , Ng) (referred to as MATP-C,
where C stands for “cooperative measurement”).

The SB first decides if transmission is allowed by esti-
mating whether the SB resides within extended PN cov-
erage, dg. The SB arrives at a decision by comparing the
estimated distance to the distance dy + dm, where d, is
a transmission decision margin that is used to guarantee
the protection of the PUs when the SB actually resides in
the extended PN coverage, i.e. dsy, < d,. The protec-
tion is guaranteed by setting dp, in such a way that the
transmission within the extended PN coverage is allowed
with a probability equal or less than the CTP, Pc. The
validity of protection by the dy, will be shown in Fig. 4.
The result of this is a binary transmission decision vari-
able, D7, where D7 = 1 indicates that the transmission is
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allowed, and D1 = 0 rejects it. If transmission is allowed,
the SB continues to the next step.

In the second step, the SB applies a transmit power mar-
gin T, that guarantees the PU protection when the SB
resides outside the extended PN coverage, i.e., dsy, > dq.

The transmit power margin Tp, depends on the loca-
tions of the PU receiver and the SB corresponding to the
transmitter. Since the exact location information is not
available at the SB, we set T}, considering the worst case
in which the PU receiver lies in the neighborhood of edge
of the extended PN coverage and the SB is at a location
leading to maximum Ty,. This fact will be confirmed in
Fig. 5.

3.1 Distance estimation in MATP-l and MATP-C
From (1) and (2), dsy, can be estimated with

Zlgj) _ dolO—(f%(Z)+TpU0—2010g10(4ﬂdo/k))/(10n)’ 6)
0

where the superscript (Z) indicates type of MATP, i.e., (P)
for MATP-P, (C) for MATP-C, and (/) for MATP-I, and
R@ denotes estimated I_QPUOHSUO. R@ for MATP-I and
MATP-C are

je([) = RPU()—)SU()’ (7)
N,
je(c) — ZniORPUOHSUVI (8)
1+N,

respectively. In the case of MATP-C in (8), RSS values
from different SUs are averaged in order to suppress the
effect of shadowing [40]. In R©), Ng can be interpreted as
the number of estimations by SUs at different locations.
Specifically, the location of SB is fixed; however, mobile
SUs can obtain Rpy,—su, at the different locations. The
estimation (,Aig&o corresponds to a maximum likelihood
estimation [41].

3.2 Transmission decision with transmission decision
margin
The transmission decision rule is defined as

. (4D (Z)
L (A5, = dg + a7

Dr = n
0; (dé%)o < dg-f—dinz)).

)

The transmission decision margin d is set to satisfy

the equality
~(Z .

Pr (dgu)o > dy + dPdsy, = dg) =Pe.  (10)

This shows that the probability of allowing transmission

when the SB is within the extended PN coverage is always

less than or equal to the CTP, ie, Pr(Dr = 1|dsy, <

dg) < Pc. The transmission decision margin, dr(f ), is
derived in Section 4.2.
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3.3 Maximum allowable transmit power setting based on
distance estimation

In the MATP-I and the MATP-C, we use a transmit power

margin T to satisfy the constraint in the region where

dsy, > dg. According to the transmission decision, the

MATP is given by

_rc,p)_UxQ_l (PC) - Tr(nZ);

In+L (&gﬁ)
T (11)

SUp, max (Dr=1)
No transmission; (Dr =0).

The transmit power margin, T\?, is derived in
Section 4.3.

4 Analysis

In this section, a probability density function (PDF) for
the distance estimations by the estimator in (6) is shown.
The PDF is used to derive the transmission decision
margin dff ) which satisfies (10) and is used in the trans-
mission decision rule (9). Finally, we derive the transmit
power margin T\ used in the MATP-I or the MATP-C
schemes, to satisfy (11).

4.1 Analysis of distance estimation

The SUs are assumed to be located uniformly over the
disk corresponding to the SB coverage area. The condi-
tional PDF of the dsy, (MATP-C) given that dsy, = d
is pagy;, (dsu,ldsy, = d). For simplicity with slight abuse
of the notation, we denote this as Pdgy, (dsu, |dsu,)- It can

written as
2 2 2
2dsu, dgy, +dgy, — 1,
Pdsy, (dsu,dsu,) = — 5 cos” (0 “).12)

C,S

2dsy, dsu,

Note that the condition does not mean that dsy, is
available at the SN.

A conditional PDF of RSS without shadowing effects
(Rpu,—su,) can be derived through a transformation of
the PDF p(dsu, |dsu,) with a function Rpy,—su, = Tpu, —
L(dsu,) and (2) resulting in

PRoyy - su, BPU0—SU, 1d50,) =

Rpug—SU Rpyy—su
20, CyT0 TV € TS 1 ¢ |
mrd,

_PU —SUy
<Clcf o ) +d3y, — 17

cos™! = , (13)
20, C2 PUy—SUn dSUo

where

Tpu, —10log,, ( % )/(IOn)
C = dolO( P 10( )

C, = 10~1/0n)
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The conditional PDF of the RSS including shadowing
effects (Rpy,—»su,) is obtained with

pRpUOASUn (RPU()*) SUn |dSUO) =
/‘[_{PUO*)SU;/[ =00 1 <_
exp
Rpyy—su, =—00V 270y

PRovy 5, RPUG—SU, |dsuy)dRpU,—SU,, -

= 2
(Rpug—su, —RpUp—sU,)
202

(14)

In the case of MATP-I, the mean and variance of R
defined in (8) are given by

= Tpu, — L(dsu,), (15)
and
vg) =02 (16)

On the other hand, in the case of MATP-C, according to
(8) and (14), the mean and variance of R(© defined in (7)
are given by

(©) NS : MRPUOﬁSUn + TPUo - L(dSUo)
s = ’ (17)
R Ng+1
and
L©O _ Ns - VRpy, sy, + g (18)
B (Ng+1)2

In (17) and (18), iRy, s, a0 VRpy, 5y, cOrrespond to
the mean and variance of Rpy,—su, in (14), respectively,
and thus they are available by numerical calculations.

Using Gaussian approximation, pyz) (R@ |dsu,) is given

wZ
) _ <R< ) _

by

2

2
. (je(Z)M ) ex “f?) (19)

pR(Z) SUp @ p 2U£Z)

R

2V >
Finally, the PDF of Elé%) , given dsy,, is

ldgg, In Co |,/27rv£Z)
- <ln (;;g@ /cl) /InCy — (Z))
2@

~Z
Py (dgu)oldsuo) =
SUg

exp (20)

For verification of the analysis, p( SUO|dSUo)' for

MATP-C and p(dSU0|ng0): for MATP-I are plotted in
Fig. 3. The analyses in Fig. 3 are obtained by (20).
The simulation parameters are n = 3, o, = 9dB,
and dsy, = 20km. For MATP-C, two results with
Ns = 4 and Ngy = 8 are plotted. The sim-
ulation validates our analysis. Figure 3 also shows
that increasing Ng can achieve smaller variance of
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10~
6 :
%(dsp‘,:7km
5k ]
4+ Analysis: line and Simulation square, 4
MATP-C (Ng=16)
o8}
S 3 1
oy
2k Analysis: line and Simulation circle, 4
MATP-C (Ng=4)
Analysis: line and Simulation circle,
1 4
0 Gt s st =
0 5 7 10 15 20 25 30

Estimation Distance[km]
Fig. 3 The PDFs of distance estimates for the MATP-C (N5 = 4) and the

MATP-I, from analysis (line) and simulation (circle), for Ns = 4, n = 3,
oy = 9dB, and r,s = 500 m, the actual distance is dsy, = 20 km

estimates in the MATP-C. That is to say that the aver-
aging employed by MATP-C achieves a more accurate
estimation similar to [40].

4.2 Transmission decision margin setting based on
analysis
The proper d is given by

A7 = frn (Ocldsuy = dy) — dg,
SUp

(21)

where ft}(z) is the cumulative distribution function (CDF)
SUp

corresponding to the PDF in (20).

In Fig. 4, the transmission probability, Pr(D7 = 1) is
plotted as a function of dsy, in terms of the MATP-I
and MATP-C with varying o, (3 and 9dB). The margin
d? which is set according to (21) is found by numer-
ical techniques. The result verifies that d¥ can satisfy
Pr(Dr = 1) = Pc when dsy, = dy = 4.2km. This
also means that in the region dsy, < d,, Pr(D7 = 1) <
Pc. Thus, Pc < Pc in the region dsy, < d,. The rate
of increase of the transmission probability Pr(Dr = 1)
depends on oy. Specifically, a smaller o achieves a larger
rate of increase. In addition, in the region dsy, > dj,
the MATP-C can achieve a higher Pr(Dy = 1) than the
MATP-I. This observation implies that the MATP-C has
greater potential to achieve a more effective spectrum
utilization.

4.3 Transmit power margin setting based on analysis

We obtain the transmit power margin under a given dsy,.
Since the exact distance is unknown, the SB uses the dsy,
leading to the maximum (worst-case) margin.

-

AN
/ -- MATP-I o, = 9
Bie MATP-T o, =3

1)

N

Constrain Target Probability Pc

d=d,=42km

Transmission probability Pr(Dy

! ! ! L !

6 8 10 12 14 16 18 20
Distance dgy, [km)]

Fig. 4 Probability of transmission (Pr(Dr = 1)) as a function of dsy,
for the MATP-C (Ns = 4, solid line) and the MATP-I (dashed line), for
Ns =4,n = 3,00 =3and 9dB, dy = 4.2km, r,; = 500m, and

Pc =001

In the case D7 = 1, the minimum &’g}o is equal to dy +

d$%. Thus, the smallest possible MATP value given by (11)
is

min <T(Z)

SUp, max

) — I+l <Adg + dﬁ?) —0,Q 1 (Pe)-TD.
(22)

A conditional PDF of the MATP TS(IZJ:),max n (11) given

dsu, is obtained by univariate transformation from esti-
Z)
T(

SUomax and is given by

mated distance cAZSUO in (20) to

Z
Pr&o (TS(U)@ max|dSU0> =

SUg, max

@ @ 2

(Z) (D\_ (@)
(G(T +T, )—MA )
SUp, m
M InC, 0, max R

2v EZ)
R

exp|—

(Z)
TSUO, max

(Vc,p+C3 Cy
(2)
(TSUO, max z

0 (12

SUp, max

(Z)
+T,
" In Cy,/27 véz)

. (Z)
min ( TSUO, max) )
7@

SUo, max)) ’

(23)

< min(

where C3, Cy, and D (T(Z)

SUp, max

+ T,(,,Z)> are

o 10(—1th—1o1ogw(@)ﬂox@‘aﬁc))/(wn)
3 =do
C4 = 1/C2
In (%ﬂ)
Glx) = — 1 /
( ) In C2



Umebayashi et al. EURASIP Journal on Wireless Communications and Networking (2016) 2016:144

The condition (Téa,max Ts(lzjl,max)) in (23)
indicates that D7 = 0.

Due to the shadowing effect from the PB to the SN and
random locations of the SUs in the case of the MATP-C,

Téa,max is random. From (2) and (3), the interference level

at the PU determined by path loss, Ipy, can be expressed
as

< min(

Iy = TE) - GCs,

SUp, max

(24)

where

4mdy\* dsu, —
Cs = (lolog10 (7;0> + 107 log;, (S’Uodorclj>) .

Since dsy, is given, the minimum interference level,

) .
TSUO, m ax) into

(24). The conditional PDF Pl (ij|dSU0) is determined

(2)
TSUO, max

min (Ipy), is found by substituting min(

through a univariate transformation from to Ipy

and results in

P, Ipuldsu,) =

2
Ipyu+Cs+T57 (G(IPUJrCf"*T/(\%))*'L;‘eZ))
C3C, InCy|exp| — D
Va
R

Ipy+Cs+T
rc_p+C3C4PU STM ) InCy /27 VI(}Z)

(ij > min (ipU))

0; (ij < min (jpu)) .
(25)

A conditional PDF of the interference level including the
log-normal shadowing effects from the PB to the SUs and
from the SB to the PU is found from (3) and (25) and is
given by

jPUZOO

Py Upuldsy,) = / Py Ipuldsu,, Ipv) -

IpUzmin(ipu)
Pip, puldsuy)dpy, (26)

where

- 1 (Ieu — Ipv)*
Py (Ibuldsu,, Ipu) = N exp (— 702 (27)
X X

and represents the log-normal shadowing effect from the
SB to the PU. The shadowing effect from PB to SUs was
similarly represented by the first term inside the integral
in (14) and is already included in (25).
The constraint probability as a function of the margin
(Z) . o
Tw” for a given dgy, is given by

Pc (Ty(nz)ldsuo> = /1

pU=lth

Ipy=00

Py (Ipu; TP dsuy)dlpy. (28)
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The satisfaction of the constraint probability requires
that Pc < Pc. Equation (28) implies that the required
margin Tr(nz ) depends on the distance dsy, as

T =P~ (Pcldsy,)- (29)

Thus, we consider the worst-case dsy, when setting the
margin. This can be expressed as

max Pc ' (Pcldsy,).

dg<dsy, <o

TO* = (30)
The transmission decision margin dy, influences the

TS(IZJ:),min as (22), and this indicates that d,, affects the

worst-case Tr(nz)*.

To see the worst case for T}f’ (i.e., T,(nz)*), T,(nZ) satis-
fying Pc as a function of dsy, in the cases of MATP-I
and the MATP-C is shown in Fig. 5. The parameters are
setas Ns = 4,n = 3, 0x = 9dB, r,p, = 3.68km, and
¥¢,s = 500 m. Values for d, of 3.7 and 4.2 km are used.

In the region where dsy, < dg, the margin dy, is used in
the transmission decision variable D7, to satisfy the con-
straint. That is, Pr(D7 = 1) < P, therefore T,(nz) = 0.
The maximal values are in the region where dsy, > d,
and close to dsy, = d,. In this region, TI(nZ ) increases
at a rapid rate. This is because Pr(Dr = 1) increases,
and to satisfy the constraint, a larger T is required. In
the region to the right of the maximum, Tr(nz ) decreases
slowly since Pr(D7 = 1) > Pc and the far SB transmitter
requires smaller transmit power margin. Since the SB does
not have exact information about its location dgy,, we set
the transmit power margin to the maximal value, T,

In the case when d,; = 3.7km, the SB may be located
near the PU receiver, and thus it requires a significantly

: ‘
35k 117 MATP1, dy = 3.7 km : 1
it
s
30+ d, = :Il dy = 4.2 km : N
3.7 kmu'|
1
25} Y 1
\
20 —T*: MATP-C, d, = 3.7 km 1

.

Margin T, [dB]

0 i i i
0 5 10 15 20

Distance dgy, [km]

Fig. 5 The required margin Ty, (29) as a function of dsy, for MATP-C
(Ns = 4), and MATP-I, with Pc = 0.01,Ns =4, = 3,04 = 9dB,

fes = 500m, rep = 3.68km, dy = 3.7,and 4.2km
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large margin. For example, in the case of MATP-I, TE™ =
34 dBm. On the other hand, in the case of MATP-C with
dg = 4.2km, the required margin is only T¥* = 5dBm.
The difference between these margins is 29dBm and is
caused by not only the gain of the cooperative measure-
ment but also by the appropriate d,, setting.

In Fig. 6, T}, as a function of d, in terms of MATP-C
and the MATP-I is shown. This result shows that smaller
dyq values require significantly large margins. In the case of
MATP-], the difference between dy = 3.7km and T}, at
dg = 4.2km is 17 dBm, and in the case of MATP-C, the
difference is still 15 dBm.

5 Numerical results

In this section, MATP-P, MATP-I, and MATP-C are com-
pared in terms of the average capacity, Cgown similarly
as in [28, 29]. In fact, the MATP-P is equivalent to the
approach proposed in [28, 29] where the perfect location
information is assumed to be available and a comparison
with the MATP-P corresponds to a comparison with exist-
ing method. A derivation of the average capacity is shown
in the following subsection.

The CTP is set to Pc = 0.01. The assumed center fre-
quency of the spectrum band is 600 MHz, which is used
in digital TV broadcasting, but the application of the pro-
posed method is not limited to it. We set the path loss
exponent as ) = 3. The transmit power of the PB is set to
Tpy, = 60dBm, and the total transmit power of the SB is
always limited to the maximum value of Tiota1 = 30 dBm.

35 h

sof |
25t
20}
15}

10

Required transmit power margin 7* [dB]

(&—PU coverage 3.68 km

0 i i i i i
3.6 3.8 4 42 44 4.6 4.8 5

Extended PN coverage d, [km]

Fig. 6 The required transmit power margin 77 as a function of
extended PN coverage dy for MATP-C (Ns = 4) and MATP-|, with
Pc =001,n=3,00 =9dB, r;p = 3.68km,and rcs = 500m
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The minimum required received signal levels, ypn and
ysN, are set as —75 dBm and —85 dB, respectively, leading
to the radii ., = 3.68 and r.s = 0.5 km.

5.1 Average capacity obtained by power and channel
allocation

The SB allocates a transmit power T, ;,w for the nth
SU transmission on the /th sub-channel, where the band-
width B is divided into L sub-channels. Note that in this
paper, we use two units, “mW” and “dBm” for variables
corresponding to power values. When unit in a variable
is mW, “mW” is noted in the suffix (for example, T}, ; mw),
but when the unit is dBm, notation of unit is abbreviated
(for example, T, ;). The aim of this resource allocation
is to maximize the downlink capacity Cgown while keep-
ing the interference constraint and a total transmit power
constraint. This is expressed as

1 Ns L
max Cgown = Mmax I Zl ;
i=1 [=

|hn,l,SB|2Tn,l,m\X/ > (31)
Nmw + 1,108 12 TouUg,mw /L

an,log, (l—i-

subject to

Ns
> < L,V ay € {0,130,

n=1

Ny L
Z Z it Ty1mw < Ttotal,mw»
n=1 [=1

Ny L

(2)
Z Z i Ty imw < TSUo,max,m\X/’
n=1 [=1

(32)

(33)

(34)

where a,,; is a sub-channel allocation indicator (i.e., a,; =
1 indicates that the /th sub-channel is allocated to the nth
SU transmission; otherwise, a,; = 0); /,,;pp denotes the
channel gain between the PB and the nth SU for /th sub-
channel; and Ny is the noise power in one sub-channel.
In the capacity, the interference from the PB which is
assumed to be divided equally into all sub-channels is
considered.

The constraints are as follows: (32) indicates that each
sub-channel is assigned to only one SU, (33) is the total
transmit power constraint due to SB limitations or con-
straints by a regulator, and (34) is the interference con-
straint.

Without loss of generality, we use capacity normalized
by sub-channel bandwidth and L in (31). The solution of
this optimization problem can be found by a simple water-
filling scheme as described in [28, 42].

The average Cqown is given by Cdown = E[Cdownls
where E[-] denotes the expectation function calculated
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with respect to channel gains and locations of SUs. Specif-
ically, the locations of SUs in the SB’s coverage area are
changed according to a uniform distribution to calculate
Cgown While the channel gains |/, sg| and |/, pg| are due
to distance between the transmitter and receiver, the shad-
owing, and Rayleigh fading. In addition, we assume that
the noise levels per sub-channel in the SUs are assumed to
be the same, and N is —95 dBm.

5.2 Average capacity performances of MATPs

In Figs. 7 and 8, Caown as a function of dsuy, is shown. In
Fig. 7, 0, = 3dB while in Fig. 8, 0, = 9dB. The Cgown
are increasing functions in terms of dsy, since MATP
increases as dsy, increases. We can confirm that MATP-C
always outperforms MATP-I in these results since MATP-
C requires reduced margin, as shown previously by Fig. 5.

In Fig. 7, MATP-C and the MATP-I achieve the same
performance as MATP-P in the regions dsy, > 7 and
dsu, > 14km, respectively. This shows that the probabil-
ity of transmission (Pr(D1 = 1)) of MATP-C and MATP-I
approaches 1, as confirmed in Fig. 4. It also shows that
Tiotal < Téa,m ax? SO that MATP setting does not anymore
limit the transmit power.

In the case of 6, = 9 dB (Fig. 8), MATP-I cannot achieve
the same performance as MATP-P even if dsy, = 40km.
On the other hand, MATP-C can achieve the same per-
formance as MATP-P in the region where dsy, > 20 km.
These observations also relate the result shown in Fig. 4.
In the case of MATP-I, Pr(Dy = 1) is still less than 0.5
at dsy, = 40km. This result implies that the MATP-C
outperforms the MATP-I for larger o.

The results also show that the rate of increase of Caown
depends on oy, where a smaller o, leads to a larger rate of

10F

Capacity [bits/sec/Hz]

0 5 10 15 20 25 30 35 40
Distance dgy, [km]

Fig. 7 The capacity Ciown asa function of dsy, for MATP-P, MATP-C
(Ns = 4), and MATP-I, with Pc = 0.01, Ns =4, n = 3,0, = 3dB,
Iep = 3.68km, res = 500m, and dg = 4.2km
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Capacity [bits/sec/Hz]

0 5 10 15 20 25 30 35 40
Distance dgy, [km]

Fig. 8 The capacity Cgown asa function of dsy, for MATP-P, MATP-C

(Ns = 4), and MATP-I, with Pc = 0.01,Ns =4,n = 3,0, = 9d8B,

rep = 3.68km, res = 500m, and dg = 4.2km

increase. We can conclude based on the results that coop-
erative measurement is an effective approach especially
when oy is large.

5.3 Impact of N; in the cooperative approach

In order to evaluate the effects of N; on the coopera-
tive measurement, we evaluate MATP-C and MATP-I in
terms of Cgown as a function of N;. The results are shown
in Fig. 9. In this evaluation, o, = 9dB and dy = 4.2km.

MATP-C: dgy, = 40 km

[
T

—_
(=]
T

=)
\
i

(=)}
T

Capacity [bits/sec/Hz|
\

MATP-C: dgy, = 7.5 km

MATP:IL dgy, = 7.5 km

Number of SUs Ng

Fig. 9 The capacity Cgown as a function of the number of SUs N; for
MATP-C and MATP-I and for dsy, = 7.5 and dsy, = 40 km with

Pc=001,1=3,0,=9dB,rcp =368km, rcs = 500m, and dg = 4.2 km
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In the case of MATP-I at dsy, = 7.5km, increasing
N does not have a significant impact. In comparison, the
MATP-C significantly benefits from increasing N.

The MATP-C benefits from the cooperative measure-
ment and similar to the MATP-I from the multiuser diver-
sity gain in the power allocation process [42]. In the case of
dsy, = 40km, the rate of increase of MATP-C is slightly
larger than that of MATP-I. This gain seen in MATP-C
and MATP-Iis mainly attributed to the multiuser diversity
gain.

5.4 Impact of extended PN coverage dy

In the discussion of the results of Figs. 5 and 6, we stated
that setting d, is an important issue in both MATP-I and
MATP-C, since there is a trade-off between the additional
separation radius Ad, and the transmission power margin
T, Specifically, a larger d, is equivalent to a larger Ad,,
which leads to a reduced area where the spectrum can be
used by the SB. A smaller d, leads to a larger T, as
shown by Fig. 6.

To confirm this effect in Cyown, we plot Caown as a func-
tion of dsy, in terms of different d, (d; = 3.7, d; =
4.2, and d; = 5km) in Fig. 10. This result demonstrates
that the Cqown also depends on dg. In both MATP-C and
MATP-I, the case when dy = 4.2km achieves the best
Cdown performance.

The curve when d; = 5km is almost an exact duplicate
of the curve for dy = 4.2 km, but shifted to the right. This
is because the difference in Ady is dominant, which causes
the gap between the Cyown performance of d; = 5km
and that of d; = 4.2km. On the other hand, we can con-
firm that there is a significant performance gap between
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dg = 3.7 and dy = 4.2km, which is mainly attributed to
the difference in the margin, T};.

5.5 Optimum point in terms of extended PN coverage dy
The average capacity performances depend on the
extended PN coverage, dg, as confirmed by the result of
Fig. 10. We define Cyown as a function of distance, dsy,,
as Cdown (dsu,), and define a new metric to evaluate the
MATPDPs as

1 dSUO =dmax
Cdown (dSUo )ddSUo ’

%

Cdown |dmax _ rc,p| dsuy=rep (35)
where dpax indicates an assumed maximum distance. This
corresponds to dsy, having uniform distribution in the
region 1., < dsy, < dmax. In the evaluation performed
here, we use dyax = 40km. This metric Ca“own indicates
the average of Cdown (dsy,) in the dsy, domain.

Figure 11 shows Cjown as a function of d; for MATP-C
and MATP-I In both cases, proper 63‘ wn €an be achieved
around dy = 4.2km. The smallest dy is r., = 3.68 km,
and it may lead to much space in which operation of SN
is available. However, the result in Fig. 11 indicates that
small dy is not in fact favorable from the perspective of
network capacity. From the perspective of the protection
of PN, longer d,, is obviously favorable.

6 Conclusions

In this paper, we investigated methods to set the MATP
for SS. In our proposed approach, the SB sets MATP based
on an estimate of the distance between the SB and PB
(transmitter). We compared against MATP-P where the
location information is available at the SB.
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Fig. 10 The capacity Cyown as a function of distance dsy, for
dg = 37,dy = 42,and dy = 5 km. MATP-P and MATP-C (Ns = 4),
withPc =001, n = 3,04 = 9dB, r,p = 3.68km,and r,s = 500m
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To satisfy the CTP, the SB has to consider three issues:
shadowing from the PB (transmitter) to the SU, shad-
owing from the SB to the PU receiver, and the lack of
location information. To handle these issues, we proposed
a two-step approach to set the MATP where two mar-
gins, the transmission decision margin and the transmit
power margin, were employed. The former is to guarantee
the protection of the PUs when the SB resides within the
extended PU network (PN) coverage, and the latter is to
guarantee the PU protection when the SB resides outside
of the extended PN coverage. We set the margins based on
the analysis.

Numerical results verified our approach and showed
that MATP-I and the MATP-C can satisfy the constraint
for any placement of the SN. Furthermore, in MATP-C,
cooperative measurements are used and the numerical
results demonstrated that MATP-C always outperforms
MATP-I in terms of average SN capacity. Setting the
extended PN coverage range is also important since it sig-
nificantly affects the average capacity, as was shown by the
numerical results. In addition, we demonstrated that there
is also an optimum range for the extended PN coverage
that can maximize average capacity performance.
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