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SUMMARY

Due to rapid increase of wireless users and thaulpaty of multimedia applications, the
demand for wireless spectrum is increasing rapiblgwever, due to current static spectrum
policy, the available usable spectrum is becomaagce while a significant amount of spectrum
remains underutilized. In this aspect, cognitivemomnications can be considered as a
promising technology to enhance spectrum usageieifty by allowing the coexistence of
heterogeneous networks within the same spectrurthisnpaper, starting with the rationale of
cognitive communication, we present two differemexistence scenarios in the context of
satellite cognitive communication. We then predést current status of spectrum regulation in
the context of Cognitive Radio (CR) and the relé\datisions of World Radio Conference 2012
(WRC-12). Finally, we present the technical aspaot$ regulatory challenges of this technology
and provide some suggestions from research, induatrd regulatory perspectives.

l. INTRODUCTION

The demand for broadband services is increasingtantly driven by various applications in
areas such as business, education and entertainifeatincreasing demand for high speed
wireless internet as well as digitized audio ardkwiis leading to a rapidly expanding market for
wireless multimedia services. However, the avadlatppectrum is becoming scarce due to the
spectrum segmentation and the dedicated frequetogaton of the standardized wireless
systems. Currently, different chunks of spectrumallocated to different geographic regions as
well as to different operators within the same d¢ounBecause of the increase in spectrum
demand, current static allocation policy faces spet scarcity while a significant amount of
spectrum remains underutilized for almost 90% aofeti[1]. The Federal Communication
Commission (FCC) measurements have indicated tlaatyricensed frequency bands remain
unused nearly for ninety percent of time [1]. Mareq from the survey of worldwide spectrum
occupancy measurement campaigns at different totatarried out in [2], the average spectrum



occupancy rate has been found to be very low arghatvs the temporal as well as spatial
variations. As user demands for data services atal rdtes increase rapidly, efficient spectrum
usage is becoming a critical issue. FCC has recknthched a secondary markets initiative with
the aim of removing the regulatory barriers andnpmbng the development of secondary
markets in spectrum usage rights among the wirskessgce providers [3].

Current wireless networks are characterized byacsspectrum allocation mechanism in which
international ITU-R bodies assign frequency bawd$i¢ license holders on a long-term basis for
different geographical regions. With regard to Kiédecommunication, fixed satellite services
use C and K band frequencies and for mobile siedkrvices, L and S frequency bands are
better suited due to better foliage penetrationlass impact of atmospheric affects. Due to high
demand of broadband services and limited avaitghdf L and S-band frequency resources,
higher frequency bands i.e. Ku and Ka bands hase bken assigned for mobile satellite
services. At present, Ku band based mobile sa&edétvices are available to provide broadband
services in many mobile users such as trains, pgdsies, and cars [4]. There has been
continued pressure on satellite bands, especrallyand C bands due to the introduction of new
terrestrial services such as 3G mobile telephoi¥;,[WiMax and WiFi services [4].

Static allocation of the frequency spectrum inaitional way does not meet the requirements
of future wireless technologies. Technical develepta such as software defined radio,
wideband transceivers, increased computation p@er have led to the advent of Cognitive
Radio (CR) and the possibility of utilizing the sp@m in a very dynamic and adaptive manner..
In this direction, cognitive communication can bensidered as a potential technology to
enhance the spectrum usage significantly in théesdf hybrid networks and CR plays a vital
role in cognitive communication as it is aware tsf eperating environments and can adjust its
radio interface dynamically [6]. Furthermore, #heés significant amount of spectrum available
for the future development of satellite cognitivenonunication due to very low average
occupancy of the allocated spectrum for differeatelite services [2,5]. To facilitate the
implementation of this technology, regulations needdapt accordingly.

Satellite communication plays a vital role in wags communication field due to its wide area
coverage, higher speed and ability of providing remmwices with different characteristics than
those of terrestrial networks. It allows the extensof the coverage area of services today
carried on terrestrial, mobile and fixed networkforeover, satellite technology has made it
economically feasible to bring broadband commuiooatto sparsely populated remote regions
improving the access to medical services, educagegovernment and other services that are
expensive to provide by other means. In small rcoahmunities, it is very costly and difficult to

deploy terrestrial networks. In this context, Bgecommunication has played an important role
to bridge the digital gap in the rural communitaesd for economic and social development in
these regions. Satellite communication is the erdble option for many services in a vast range



of sectors such as land mobile, aeronautical, majttransports, military, rescue and disaster
relief etc. Furthermore, satellite communicatiomygl significant roles in supporting hybrid

satellite/wired or satellite/wireless infrastruasr Hybrid networks may exist in the same
spectrum in different ways such as two terrestregivorks or two satellite networks or satellite-
terrestrial networks.

The remainder of this paper is organized as folidsestion Il presents two different coexistence
scenarios in the context of satellite cognitive ommication and provides the benefits and
challenges of satellite CR. Section Il describles tifferent aspects of spectrum regulation
along with the current regulation status and WRG-#@2cisions for the CR. Section IV presents
the regulatory challenges and provides some roasinfi@p the practical implementation of
satellite cognitive technology. Section V concluties paper.

II. COGNITIVE SATCOMS

In cognitive communication terminology, Primary Ws¢PUs) can be defined as the users who
have higher priority or legacy rights on the usafja specific part of the spectrum. On the other
hand, Secondary Users (SUs), which have loweriprj@xploit this spectrum in such a way that
they do not cause harmful interference to the dmeraof PUs [7]. SUs need to have CR
capabilities, such as Spectrum Sensing (SS) tokclwbether it is being used by a PU and to
adapt the radio parameters to exploit the unusedpéhe spectrum. CR can sense the spectrum
usage and detect the idle frequency bands, thee tiends can be allocated to SUs when PUs do
not use these bands in order to avoid any interéereaused by SUs to the PU. This can be done
in a highly dynamic manner. The most common cogaitiechniques in literature can be
categorized into interweave or SS, underlay, oyedad database related techniques. The
possible frequency bands along with the primargsdary systems and system types are shown
in Table I. In SS only techniques, SUs are allowedransmit whenever PUs do not use that
specific band, whereas in underlay techniques, &dallowed to transmit as long as they meet
the interference constraint of PUs. Most CR ragelias focused on terrestrial part and the use
of cognitive technique in satellite communicaticashreceived less attention. It may be argued
that the satellite link should be given priorityedto adverse transmission characteristics of the
satellite link. Depending on the geographical laoatand interference power level, suitable
cognitive techniques can be selected. The groutaif@mence received by the satellite terminal
depends on its elevation angle and the elevatigrealiffers for different geographic locations
with its value decreasing towards the north [8]caignitive SatComs scenario, polarization and
angle dimension can be considered as additionatedsgof freedom [9, 10]. If a primary
terrestrial/satellite system operates in one typ@atarization e.g. H/V or RHCP/LHCP, the
secondary satellite/terrestrial system can be ¢opena the same spectrum using another nature
of polarization. Similarly, primary and secondaygtems can coexist within the same spectrum
using separate radiation patterns in such a wayséndary antenna pattern does not interfere



the operation of PUs. In the following subsections, provide two coexistence scenarios in the
context of Cognitive SatComs.

Table I. Possible Frequency bands for cognitivexistence of hybrid networks

Freq. | Link Freq. Primary Secondary System Type

Band Range

S Uplink 2.17-2.20 Sat/Terr Sat/Terr Vehicular, Sendtetworks,
Handheld

S Uplink 1.98-2.01 Sat Terr Vehicular, Sensor Netvgork
Handheld

C Uplink 3.4-3.8 Terr Sat Fixed, Nomadic, Vehicular

Ku Uplink 13.75-14.5 | Satl Sat2 Fixed, Nomadic

Ku Downlink | 10.7-12.75 | Satl Sat2 Fixed, Nomadic

Ka Uplink 27.5-29.5 Terr/Sat Sat Fixed, Nomadic, Maré,
Aeronautical, Interactive TV

Ka Downlink | 17.7-19.7 Sat Terr/Sat Fixed

Ka Downlink | 17.3-17.7 | 'BSS Feedef ‘HDFSS Fixed

A. Coexistence Scenarios

Figure 1 shows the hybrid satellite-terrestrialwwk with different modes of operation. This
hybrid network may work in forward normal mode,viard reverse mode, return normal mode
and return reverse mode as shown in the figureortiprises two communication links sharing
the spectrum: i) satellite to satellite user temim) terrestrial Base Station (BS) to terredtria
user terminal. In this context, two priority condrts can be set i.e. by providing primary access
to the satellite or to the terrestrial network. mmportant application for this scenario can be
satellite network operating in C band and terrasiWiMax networks. Another scenario for this
network architecture can be the exploitation of\i= analog spectrum which is available after
the switchover to DVB-T. This spectrum can be stidrg a satellite to vehicle service and a
terrestrial mobile network using suitable cognitigehniques.

Figure 2 shows the dual satellite coexistence saema which two satellites owned by two
different operators are connected to different\gates on the Earth. These satellites are assumed
to be fixed equipped with multibeam antennas araVide coverage to the same geographic
region in the Ka band. One of these two satelld@s work as primary user and another as
secondary user. It can be assumed that the covarageof two satellites can be overlapping but
their multibeam patterns are not identical. Thejdiency reuse concept can be used in cellular
planning of both satellites to increase the capadihe concept which can be applied in such a
scenario is that the frequencies which are usemh@satellite are not repeated in the frequency
planning of other satellites. The primary systenareh its frequency plan to the secondary

! Broadcasting Satellite Service
2 High Density applications in the Fixed Satellite Service



system, forming a way of cognition between themewatively, secondary users comparatively
sense the primary frequency plan and report batkdésecondary gateway. The cognition link
can be established on the ground by using a batkhkdeeding the cognitive information from
primary ground station to the secondary groundicstatThe secondary operator sets its
frequency plan based on primary operator’s frequgnan so that the frequencies will not be
repeated. In this way, effective utilization of spam can be obtained by forming cognition
between primary and secondary operators. Usingeprsgheduling techniques, both operators
can provide service with limited interference.

a. Forward Normal Mode b. Forward Reverse Mode \
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B. Benefits and Challenges

Cognitive SatComs technology can provide severaimihges to industries, operators and
consumers. From the global perspective, the oveffitiency of spectrum usage can be
increased. From an industrial point of view, a nwbiarket can be revitalized by the advent of a
new CR equipment market and there may occur a leghl of competition with low entry
barriers. Furthermore, from an operator's perspeciii can create new revenue streams from
secondary trading as well as can improve the atibn of the spectrum resource that they
already own. Moreover, consumers can subscribersopalized and optimized mobile and
broadband data service at low cost.

Besides several advantages of cognitive SatConesge tlare several challenges from the
perspectives of business, technical and regulatecyors which need to be addressed for the
practical implementation of this technology. In tba@rrent spectrum market, there exists no
cooperation between satellite and terrestrial dpesaCooperation at the international as well as
at the national level is extremely important to lempent this technology. In addition,
incorporating satellite receivers into the terri@stterminals may increase the complexity and
cost due to requirement of additional hardwaretHaunmore, business models and standards for
spectrum sharing between satellite and terresipgaltators are not developed. In addition to the
business challenges mentioned above, there exigtraetechnical challenges. Satellite
communication is characterized by limited power antle-area coverage which makes
implementation of dynamic spectrum sensing in trevéard link difficult. Moreover, effective
intersystem and intersystem interference mitigatiechniques need to be investigated and
Quality of Service (QoS) management, mobility amtusity aspects should be addressed
properly. Developing technical standards for sigetiognitive scenario is also another challenge
to be addressed.

In addition to these business and technical aspegslatory aspects also play major role in the
implementation of this technology. In the followiegctions, we present the discussion and
issues related to spectrum regulation in the camegognitive SatComs.

[ll. SPECTRUM REGULATION

Radio frequency spectrum is a limited natural res®wand it does not respect the international
geographical boundaries. Furthermore, it is notsaamed upon its usage unlike other natural
resources and it is liable to be wasted if it i¢ need optimally and efficiently. There are
following two important principles of radio commugations. i) Radio transceivers must use the
same frequency to communicate effectively, ii) Gautel interference typically occurs if two or
more radio transceivers operate at the same freguerithin the same geographical area, at the
same time and the quality of the communicatioreduced. Therefore, spectrum usage must be
shared among the various radio services and it masgiect the provisions of national and



international regulations. In addition, acceptak}eS should be provided to all the radio
terminals and radio terminals should not be blodkedh spectrum access and transmission for
extended durations. The following two types of peofis may arise while concerning about the
spectrum regulations. The tragedy of commons probksults due to overuse of spectrum due
to missing regulation while the tragedy of anticoom® results in inefficient spectrum utilization
due to too restrictive regulation. In this contetkie regulations help to control the estimation
parameters such as transmit power and interfereac®ut of band transmissions within the
acceptable limit to have the proper coexistencdifbérent systems within the same spectrum.
The regulations are required to ensure that theafdSR terminals in the market is not increased
beyond some prescribed limit which is set basedtlmn affordable capacity of average
customers.

The current spectrum allocation process operatbsthtnational and international levels. At the
international level, International Telecommunicatidnion (ITU), a specialized agency of the
United Nations, is responsible for spectrum managgminternational bodies tend to set out
high level guidance which national bodies adhern@a &etting more detailed policy. International
coordination is essential in the cases where tmes®f possible interference extend beyond
national geographical boundaries and users aredantlg international such as maritime and
aviation. Regional bodies such as CEPT, EC and Er&Iresponsible for making decisions,
preparing reports, recommendations, directives faardhonized standards in the regional level.
At national level, each administration has its omegulating agency like NTIA/FCC in USA,
Ofcom in UK.

In most of the current primary only systems, in&tional ITU-R bodies assign fixed spectrum
bands to license holders on a long-term basisai@el geographical regions. In these systems,
the spectrum remains idle for most of the time wtienservices are not active and the spectrum
is not utilized effectively. The exclusive spectruisage rights are mostly implemented through
transmission power caps and guard bands, whichetegmined by the regulators [11]. Without
these two aspects, it is difficult to prevent oiband and in-band interferences. For enhancing
the spectrum usage among different networks, tkeetgpm ownership can be transferred from
spectrum owner to another party for a short timeerg exist the following different forms of
spectrum ownership [12]. i) The usage rights caagssgned to another party for short/medium
term with a total transfer of rights and dutie$,Short term spectrum leasing based on traffic
variations, whereby the rights and duties may r&rhain with the main usage right holders., iii)
Spectrum trading, whereby the rights and dutiss alay still remain with the main usage rights
holders, and iv) Spectrum pooling which can oasipure pooling as well as hybrid pooling
(i.e. fixed bands plus shared pool). Assigning awhi in spectrum pooling technique is a
challenge for the regulators.



A. Current Regulation Status for CR

In this subsection, we present the current reguiastatus for CR from spectrum sharing
perspectives. Regarding change in ownership, temhsirort term change of usage right is
possible. However, current administrative procedsime consuming and an automated real-time
system is needed. Regarding spectrum leasing adihdy, no implications can be noted since
original licensee is liable for any interferencesose. In addition, no clear assignment of
ownership can be done for spectrum pooling. Wityard to the change in technology, most
licensee define the BEM (Block Edge Mask) in whitlansmission signal must remain
independent of the technology used. Furthermor@sidering the change in transmission
characteristics, any transmission characteristiesparmitted as long as the BEM criteria is not
violated. Moreover, with regard to the requiremarit additional Radio resources, many
investigations have suggested the need of CognRiNMet Channel (CPC) and it is widely
discussed in regulatory bodies. Spectrum databaedstrading are the current prominent
techniques and these techniques can be considerdtieapossible first steps towards the
implementation of dynamic spectrum access techsig@pectrum trading is an important
mechanism to increase the overall spectrum utiipadnd to open up business opportunities to
get access to desired spectrum [11]. Regulatorgsrdbr spectrum trading have been
implemented in some countries for some bands,¥amgle in UK [14] and US [15]. Database
approach has been widely discussed in CR commimitiie context of TV whitespaces for
enhancing the usage of licensed spectrum. By imgigimg a database approach, the radios can
take the first step towards efficiently utiliziniget idle spectrum at any given point in time [16].
This approach could work essentially for all spectrbands instead of only TV whitespace
bands, enabling priority driven, lease-based actessaximize the spectrum usage efficiency.
Some of the standards in the context of terrestdRl have been listed in the following
subsection [17]. There are currently no standardse context of cognitive SatComs.

B. Standards for Terrestrial CR

1. IEEE 1900 Family: This family includes the standard definitions amheepts for spectrum
management and advanced radio system technologismnmendedgracticefor interference
and coexistence analysis, spectrum access behafioadio systems employing dynamic
spectrum access methods and other standards fomizgd radio resource usage In
heterogeneous wireless access networks, procealuegdhanging spectrum sharing information
etc.

2. IEEE 802.11 af and IEEE 802.22These standards define the technologies for cegniti
radio over TV white space.

3. LTE Femtocells: Long Term Evolution (LTE) Femtocells include thenétionality of
searching for a radio channel and estimating whéslources are free among the available ones
in order to avoid the interference.

4. LTE SON: LTE Self Organizing Networks (SON) is an approatltagnitive radio aspects
from cellular networks perspective.



5. IEEE 802.16m (4G):This standard has the functionality to reuse/sharelwidth with legacy
systems.

6. LTE advanced (4G) LTE advanced is a 4G standard and it has spediexibility for the
support of scalable bandwidth and spectrum aggmegat

C. WRC-12's Decision for CR

The World Radio Conference (WRC) is a supreme bodyworldwide management and
regulation of the radio frequency spectrum. Thiglypbaes authorized to revise ITU radio
regulations and the revisions are made on the lbhsia agenda established in previous WRC.
Different study groups, working parties considechtacal aspects of the agenda items for
WRCs. It is held normally every four years. WRC-2Qgas held in Geneva from 23 January to
17 February 2012. The main functions of WRC argewse the radio regulations and any
associated frequency assignment and allotment,dlamsldress any radio communication matter
of worldwide character, to instruct the radio regun Board and the radio communication
Bureau and review their activities, to determinesjions for study by the Radio Communication
Assembly (RA) and its study groups in preparationfiiture WRCs. A list of relevant topics is
presented below [12].

Resolution 956 (WRC-07):Regulatory measures and their relevance to ernhabélentroduction
of software-defined radio and Cognitive Radio Syst¢CRS).

Agenda Item No. 1.19 (WRC-12) To consider regulatory measures and their relexam
order to enable the introduction of software-dedinedio and CRS, based on the result of ITU-R
studies, in accordance with Resolution 956 (WRC-07)

Decision (WRC-12): The agenda item no. 1.19 was suppressed (No fuituely) considering
that no need for modification to the radio regulas.

Recommendation COM6/1 (WRC-12):Deployment and use of CRS: Recognizing that () an
radio system implementing CRS technology needgtate in accordance with the provisions
of the radio regulations, (ii) the use of CRS dowg exempt administrations from their
obligations with regard to the protection of staioof other administrations operating in
accordance with the radio regulations, and (iii)SSRare expected to provide flexibility and
improved efficiency to overall spectrum use, recands that administrations participate
actively in the ITU-R studies conducted under Ratsah ITU-R 58, taking into the account of
first two points [13].

IV. REGULATORY CHALLENGES AND ROADMAP

Satellite CR faces several business, technicalregdlatory challenges for its proper practical
implementation. Herein, we present some of the mapo regulatory challenges. Due to lack of
proper regulations to facilitate sharing/trading fall spectrum bands, difficulty arises in



implementing sharing/trading spectrum businesghis context, regulators should specify the
threshold values for Effective Isotropic Radiategwer (EIRP) and out of band interference
limits for proper operation of cognitive SatComsurthermore, the secondary dynamic access
mechanism to government/military exclusive spectalould be properly addressed in terms of
regulations since the instant release is requiredmspectrum is needed in public safety and
emergency scenarios. Moreover, there should becsuff level of interaction between national
and international authorities. The collaboratiomwsen the authorities at the national level is
required for the management of terrestrial spectwinie the collaboration at the international
level is needed for the management of satellitectsp®. The agreement at the ITU-R level
about the regulatory requirements of satellite @bgnsystems is necessary.

There should be sufficient interaction between netbgy, market and the policy to implement

satellite CR. Research efforts should be direabehids investigating new techniques to allow
the coexistence of different networks as well aaly@ing the performance of satellite CR

systems. The technological solutions should be gtandardized by respecting the spectrum
regulations. Furthermore, the industries should eonp with viable business models by

collaborating with the research institutions aneythrshould work towards manufacturing

affordable CR equipment by analyzing the markatasibn. Moreover, the regulators should

ensure the regulation of flexible spectrum owngrspioperly and they should recommend

different parameters such as interference threstoohsure that new systems do not affect the
operation of the previously deployed systems.

To facilitate the research and implementation d@élBge cognitive networks, Interdisciplinary
Centre for Security, Reliability and Trust (SnT¥earch center of University of Luxembourg is
carrying out two research projects, CO2SAT (“Coapige and Cognitive Architectures for
Satellite Networks”) and CORASAT (“Cognitive Radior Satellite Communications”). The
CO2SAT project has SES, one of the world leadingliga operators, as its advisory partner.
The objective of CO2SAT project is to evaluate ferformance gain of cooperative and
cognitive radio networks in comparison to the tiiadial satellite systems and to investigate new
techniques for satellite networks towards higherodghput and energy efficiency. The
CORASAT project is a European Union project undéfP¥ grant and SnT is one of the 6th
partners in this project. This project aims at stigating, developing and demonstrating
cognitive radio techniques in satellite communmatsystems to facilitate the spectrum sharing.
The outcome of this project is expected to prodicaegic roadmaps to be followed by industry
stakeholders, European institutions and governmactors towards the regulatory and
standardization groups so that necessary actiofisbeiundertaken to open new business
perspectives for Cognitive SatComs in the suppiodigital agenda for Europe.

V. CONCLUSION

Cognitive communication is a promising technologythe coexistence of different networks in
the same spectrum. In this paper, starting withirtiq@ortance of satellite cognitive technology



for enhancing the spectrum usage efficiency, waegetwo coexistence scenarios and present
the benefits and challenges of this technology.fWiher present the regulation aspects of CR
and relevant decisions of WRC-12 for the CR. Thexest several business, technical and
regulatory challenges for practical deployment afebite cognitive systems. If technology,
market and policy are adapted to the requiremehthis technology properly, the spectrum
scarcity problem can be addressed by deployingdieitive radio systems.
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