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Abstract

Recent studies have forecasted major growth in mobile broadband traffic. Due to the predicted
high growth rate of mobile broadband traffic over the coming yer®and), there is a need for
more wireless network capacity (supply). One of the major approaches to expand mobile wireless
capacity is to add more spectrum to the matkgt enabl i ng fAsTheeRC€C hasm s h a
issued many reports indicating that 148 is dangerously close to running out of capacity for
mobile data, which is why the FCC and the NTIA have been workarginuallyto enable
spectrum sharing.

Spectrum sharing has moved from being a radical notion to a principal policyridbespast
decade. Enabling spectrum shaniegimes means that sharing agreements must be implemented.
To have meaning, those agreements must be enforceable. The focus of this paper is to determine
the relationship betweeenforcemenimethodologies anbenefits ofspectrumsharingthrough
sharing between government and commercial users. Sharing between the government incumbents
(i.e. Federal or nofederal agencies) and commercial wireless broadband operators/users is one
of the key forms of spectrum sharing tleatecommended by the NTIAhe FCC and the PCAST
report. To address this problem, we build a modeqtantitatively examine the relationships
between differenénforcemenscenario@ndsharingbenefits We model two case studielh95
1710 MHzband andB550-3650 MHz band
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1.0 Introduction

The increasing demand for spectrum makes the introduction of more spectrally efficient
technologies and management regimes essential. Recent evidence demonstrates that the demand
for spectrum access rights exceeds thelavai supply{1][2][3]. One of the main factors leading
to this imbalance is that the spectrum is not as well utilized as it could be. The future of wireless
necessitates that we use the spectrum resources morendff, which requires a transition to a

future in which spectrum is shared more intensively.

The growing demand pressure expanded access to legacy networks for new uses and the need
for significant spectrum reform to enable such sharing has been ngtatiebFederal
Communications Commission (FCC) Spectrum Policy Task Force, reaffirmed by the National
Broadband PlaNBP) and the President's call for an additional 500MHz of spectrum for mobile
broadband3] [1]. Mostrecentlyt he Pr esi dent ds Council of Advi s
(PCAST) reportaddress this issue intensivgdlj. In addition, the National Telecommunications
and Information Administration (NTIA) has proposed several bands dgdeespectrum sharing

between differentevel ofusers such as Primary Users (PUs) and Secondary Userd%5Us)

It is clear that mbile broadbands the great infrastructuréhallenge for wireless operators,
particularly with the existence of several evidences of significant increase in mobile broadband
traffic [4]. Data usage ovenobilenetworks is rapidly increasing as maoiserssurf the web, check
email, anl watch video on smart phones/tablé&igsveral researchnalysts share the view that

mobile broadbanttraffic will continue a significant upwardend over the next-50 yearq1] [6]
[7].

The focus of this wik is to determine the relationship between enforcenmesthodologies
andadditional benefits of spectrum sharing through sharing between government and commercial
users. Sharing between the government incumbents (i.e. Federal-Bederal agencies) and
commercial wireless broadband operators/users is one of the key forms of spectrum sharing that
is recommended by the NTIAhe FCC and the PCAST reporthere are many scenarios where
spectrum sharing can take place, so the emphasis pafeis on goernment and commercial
spectrum sharing. The government incumbent will be the PUs; on the other hand, the commercial

users be the SUs.



Implementing spectrum sharing regimes on a-oyportunistic basis means that sharing
agreements must be implemented.hBwe meaning, those agreements must be enforceable. This
paperwill try to do reasoning about enforcement of spectrum sharing and will demonstrate and
examine diverse scenarios, which can be implemented, at different spectrum sharing
environmentsWe modelftwo case studies, 169510 MHz band and 3558650 MHz bandFor
more information about the PUs and expected SUs of these two bands,releaeprevious
work [8] [9].

2.0 Enforcement andSpectrum sharing

The ultimate goal of enforcementtsinducefisocially optimab behavior, whib may deviate
f rom fi naptimabbehaviot because of externalities, mistakes, or other sources of market
failures. Socially optimal behavior includes investments in protection (harm avoidance)
technologyand in operating behavior that results in socially desirable outcofesfull
consideration of what an appropriate definition of harmful interference is beyond the scope of this
work. For further discussiomboutharmful interferenceplease refer tfiL0], [11].

Traditionally, in thespectrum fieldthe enforcement processo prevent ainterferencesvent
before it happens, such as geographical or spectral (i.e. guard band) separation between licensees,
and transmittes/receives specificationg12]. There are twodci at which usage rights may be
enforced:

1 Ex ante enforcementThe actions that been taken to prevent and avoid any potentially
harmful interference event before it has occurred.
1 Ex post enforcementhe actions that been taken after a potentially hdnmiferference

event has occurred.

Ex ante and ex post approaches work in tandem, not in isolation. Thus, the choice of ex ante
approach affects ex post stratedie?]. The chote of how to design the enforcement mechanism
directly and indirectly impacts the design and costs of usage rights enforcement. In particular, the
costs of inducing good behavigfavoiding bad or® must be balanced against the social costs
and benefitainder different scenarios. Therefore, the cost of strong ex ante rules is that they need

to be enforceable and may pose the risk of overly restricting behaviors that may be reduce the



welfare enhancing (e.g., innovation) as well as decreasing the vdahessifaring opportunity for

the entrant (i.e., SUs).

This paper evaluasghe benefits oénforcementin other word, it setthe upper bound of the
reasonable cost of enforcement to share the spectrsppecific scenar® We evaluat¢éhe shared
area bymovingfrom pure ex ante éarcement settings toward ex post erdenent settingg our

model.

The review of literature showike critical need to add more wireless network capacity. There
are three factors to overcome this capacity crunch: (1) adding cell sites, (2) technology, and
(3) adding more spectrufd] [13]. The focus will be on spectrum sharing as part of the third factor,

which can be considered as adding more spectrum liquidity to the wireless market.
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Figure 2-1 lllistration of enforc emnts effect on spectrum sharing



3.0 Spectrum Sharing Model

The currentapproach tespectrum sharing using exclusion zonassiggested by NTIAjs
basedprimarily on ex ante enforcement by setting a very largdusion zmes The proposed
modeling of geographical exclusion zones moves frguraly ex ante approach (large exclusion

zone only) towards ex post enforcement, Sgeire3-1. The model includes these additions:

1 Evaluation the benefits apectrunsharing within the exclusion zone.

o Model of a rBaGray spaceo a

o Model of a fABlack spaceo area.
1 Evaluation the benefits of spectrum shamugside the exclusion zone

o Model of a AWhite spaceo0o area.

3.1 Main ldea

In Figure3-1, the PUantennds representeth the center ofimulated arealicle. The xaxis

represents the distance from #id antennao theperimeteo f t he APU wusage righ
U Ru proposed radius @ack space.
U Ro: proposed radius dbray space areasi@Bnd R are the key variables affecting the
function of sharing utization.
U Ra: the radius of PU usage right area. It is the total area where the PU is originally
licensed to use the spectruRor simplicity propose, we set this radius to be 100km

during the simulation.






3.1.1 White Space (W):
f 01 Q8 Y Y
1 This is the area where the SUs can operate at the maximum standardizedirpibwer
without causing any interference to the PU.
1 A smallerenforcement efforis neededo facilitate sharing in this aremmpared tdhe
other proposed areas.
o In special caseshere the cost of ex post enforcement is higher than the benefits
of sharing G and B spacese probably need ex ante enforcenwaniy, through
simple database hihg the boundary of the exclusion zaateR.
o The relatively low enforcement effort in W space area is one of the major
advantages of sharing, wheuélization increase at lower enforcement cost
compare to other areas
! RRrepresents either the border of Aspectr
bounded by another exclusion zone domain.
T It i s very important to differentiate bet
o The usage right area is the geograph&rea where the PU is licensed to use its
spectrum/frequency.
o The operations area is the geographical location where the PU uses the spectrum

(i.e., builds its network).

3.1.2 Gray Space (G):

f 01 Qu Y Y



1 This is the area where the aggregated interference from SUs will be greater than the
noise floor of the PU receivers abelow the maximum interference threshold set by
the PUwhich is part of sharingnforcemenprocedure

1 R: depends on the sensitivity of PU receivers to additive noise caused by spectrum

sharing.

3.1.3 Black Space (B):

T 01 Qu Y

1 This areas close to the PU receivexherethe penalties for interference would be set
to give theSU an incentive tareateprofit maximizing zonesutfrom sharing

1 Sharing in this area is expected toheavilybased orex post enforcement.

1 B space is expected to be sharedalmgntralizedSU, represented, for example, ay
single operator or interfadbat would maageall the related secondariebhis isthe
most likely case when we have large cells of SUs. Thus, enfdstirigehaviorwill be
achievedthrough this single interfacd=or more information about the differences
between centralized and decentralized ex@ment, please refer [p2] [9].

1 In special cases, the black space could be very small or almost zero, in whidiecase t
PU can coexist with the maximum possible interference threshold caused by SUs (where
the whole exclusion zone becomes G space).

1 One of the purposexd this model igo evaluate the benefits of W, G, and B spaces, even
if it is not possible to share tl& and/or B spacesn the endwe need the value tiie
exclusion zondor each level of enforcement scenaso that for examplewe could

recommend rdocating the PU antenna if possible base@ oostbenefit analysis



3.2 Simulation Main Function

The key component of this simulation is the methodology that has been used to determine the
aggregated interference level at a PU location with many SUs sharing the bandpapémnise
have created a reasonable representation of the aggregate interferémeepectrum sharing
environment where multiple SUs cause interference to a single PU. Moreover, we will explore the
impact of aggregate interference over sharing utilization

In this model, each SU can cause interference to the PU which can be deégedtion (1).

Then, aggregated interference is calcul ated
AWatto in order to add them together. Then
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Table 3-1 Equations (1) and (2) description.
Description Unit
I SUG6s pnberfezence)(at the PU receiver dBm
I'su SU transmitted power dBm
Gru Antenna gain of the PU dBi
Gsu Antenna gain of the SU dBi
PL Propagation Loss dB
FDR Frequency Dependent Rejection dB
Lru Losses at PU antenna dB
L Additional Additional Losses (e.gndoor factoy dB
FNele] Aggregated intderenceat PU receiver dBm
N Number of Sl$ N

t

b
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Since the number of simulated SUs is very large (iems of thousandlsaround the PU
location, the transmitted power should be modeled in a more accurate way. To do this, we follow

a probability distributia function for the transmitted power of SUs.

The gain of SU antennas is set at zero in this model, which means that we are not considering
any gain on the SU side due to the characteristics of the technology representing the SUs, such as
LTE-UE, Femtocel, and WiFiFor the PU, we follow the ITU4R F.12451 recommendatiofi4].

Figure 3-2 shows the azmuth andelevation antennapatternfrom the simulation model when
maximum antenna gaiequals 43 dBi and theminimum elevation angléor PU antenna is 27

degrees.

Figure 3-2 PU antenna gain pattern

Per thdTU'and NTIA documerst[15], rég&ency Dependent Rejection (FDR) accounts for
the fact that not all of the undesired transmitter energy at the receiver input will be available at the
detector. FDR is a calculation of the amount of undesired transmitter éhatgyrejected by a
victim receiveo. Although FDR ishas been built into theimulabr, in this paperye ignore its
effects in both 1.7 GHz and 3.5 GHz catesimplify the exposition

1 See,RecommendatiotiTU-R SM.337(2008).
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