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REGAINING INDUSTRY TO CoMSOC

O nce upon a time, all major telecom
industries maintained internal labo-
ratories devoted to medium to long term
research, and their engineers were encour-
aged to publish their results in conferences
and journals (think of the impact of an
internal industry publication like the Bell
System Technical Journal). Industries even
reimbursed IEEE and Communications
Society membership to their employees.

Those golden years have been over for
quite some time now, and through the
storm of changes in the economy, society,
and the profession in the first decade of the
new century, ComSoc has witnessed the
decline of industry participation in journals
(both in terms of submissions and editorial
membership), conferences (although in this
case less than one would think, approxi-
mately three percent less from 2011 to
2014), and membership (simply joining
ComSoc as either an active or non-active
member).

For many years, ComSoc’s leadership
has continued to view this as a serious and
growing topic of interest and worry, and
indeed, previous Presidents have tried hard
to reverse the trend, with mixed results.

There are many good, objective reasons
for the decline of industry participation in

SERGIO BENEDETTO

tion generated in research and deploying
communication networks and providing
communications services to serve people
throughout the world.

With the realistic belief that past times
will not return, we must continue to work
toward finding and providing to industry
engineers and telecom professionals valid
reasons to become active members of ComSoc.

First, we must partially readdress our
conferences and publications to make them
more attractive to read and to publish for
industry members. Various attempts have
already been made. For conferences, our
flagship conferences, ICC and Globecom,
have offered conference sessions specifical-
ly designed for practicing communications
engineers, dialogue sessions with industry
leaders, executive forums, panels, and
interactive sessions, and demonstrations of
industrial products. In terms of publica-
tions, our magazines are devoting particu-
lar attention to inviting and hosting papers
from industry, and in December 2014 IEEE
Communications Magazine published the
first Communications Standard Supplement,
a platform for presenting and discussing
standards-related topics in the areas of
communications, networking, and related
disciplines. If successful, the supplement

ComSoc. Quoting from my January 2014
President’s Page: “the progressive shift of
our core publications toward the academic
way of obtaining and presenting results; the strong intellec-
tual property protectionism, favoring the tendency of
industry, and in particular of start-ups where innovation
begins, to delay publication of results or refrain from pub-
lishing at all; and companies focusing their employees on
near-term, revenue-producing activities rather than attend-
ing conferences or publishing papers that may have longer-
term, less quantifiable near-term benefits.”

I would add to those the increasing divergence between
the scientific and technical roots of ComSoc in the physical
layer, and the recent trends of considering telecommunica-
tions transmission and switching technologies as commodi-
ties, with the shift moving toward upper layers and
applications in many different fields, which traditionally
our community finds difficult to encompass and serve.

To be faithful to its Constitution, which lists among the
society’s purposes the “professional, directed toward pro-
motion of high professional standards...,” ComSoc needs
to persevere in its attempt to regain industry attention and
participation. In the last 50 years, our community has been
at the core of the most amazing, peaceful revolution in the
history of mankind, and the industry has been crucial in
this endeavor, reducing the time to market of the innova-

HEINER STUTTGEN

will transition into a full-fledged new mag-
azine. ComSoc VPs of Conferences and
Publications are actively working to
increase the industry participation in Technical Commit-
tees of conferences and Editorial Boards of journals, so
that industry representatives can be directly involved in the
process of making both conferences and journals more
appealing to industry engineers and telecom practitioners.

Second, we must try to reach those industry employees
and professionals who are not directly involved in design-
ing telecom equipment but who deal with the widespread
applications of ICT.

Third, we need to widen the spectrum of our activities,
in particular by forming new technical communities, to
encompass topics that have traditionally been out of Com-
Soc’s DNA. ComSoc has the proper instrument to do that,
i.e. the Emerging Technologies Committee, which needs to
look at the wider horizon of ICT, perhaps starting collabo-
ration with other IEEE societies.

Fourth, we need to continue increasing our influence
and activities in the domain of telecom-related standards.
After a long sleeping period, much has been done in
recent years to reach this goal, highlighted by the creation
of the position of VP-Standards, to joing the four existing
VPs. ComSoc is now maintaining a strong and good rela-
tion with the IEEE Standards Association, and has been

IEEE Communications Magazine ¢ March 2015
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proactively suggesting new fields where IEEE can rein-
force its position as a neutral standard facilitator.

Last but not least, ComSoc needs to find ways of involv-
ing technological start-ups in its activities, since they are
the natural liaison between academic research, where they
often come from, and industry. To do so, we need to offer
services tailored to their needs and matching their great
attention not to disclose their IPR through untimely publi-
cations or conference presentations.

This month’s President’s Page will discuss in detail how
ComSoc can improve the appeal of its conferences to
industry through the operation of the Industry Content
and Exhibition Committee (ICEC). The Committee is
chaired by Heinrich (Heiner) Stiittgen, who will describe
the structure and scope of the Committee.

Heiner was a Fulbright scholar at the State University
of New York at Buffalo (NY), from where he holds a Mas-
ter of Science degree (1979). He obtained a Doctor of Sci-
ence degree (1985) in computer science from the
University of Dortmund.

In 1985 he joined the IBM Research and Development
Laboratory in Germany, developing one of the first main-
frame UNIX systems. In 1987 he moved to IBM’s Euro-
pean Networking Center in Heidelberg, where he
researched protocols for high-speed networks and multi-
media communications.

In July 1997 Heinrich joined NEC Europe Ltd. as
founding manager of NEC’s Network Laboratories in Hei-
delberg. Since June 2007 he has been Vice President of
NEC Laboratories Europe, responsible for NEC’s ICT
related R&D activities in Europe, now focusing on net-
working, security, and smart city related technologies,
including the Internet of Things, data analytics, and real
world optimization problems. As head of an industrial
research organization, he has a keen interest in transfer-
ring research output into marketable solutions.

Heinrich is an IEEE Fellow. He chaired ComSoc’s
Switching and Routing Technical Committee (2004-2005);
the Globecom and ICC Technical Committee (GITC)
(2006-2009); served as Director of Conference Develop-
ment on the Board of Governors of the IEEE Communi-
cations Society (2010-2013); and he has been chairing
ComSoc’s Industry Content and Exhibition Committee
(ICEC) since 2014. From 1998 to 2009 he served as Vice-
Chair of the German Information Technology Society’s
special interest group on communications and distributed
systems.

THE INDUSTRY CONTENT AND EXHIBITION COMMITTEE

While ComSoc has been growing and evolving its port-
folio of research conferences over the last decades, we
realize that the number of industrial and other non-aca-
demic participants in our conferences has been on the
decline for many years. There are many reasons for this
trend. On one hand the number of corporate research
functions has been declining, so the number of partici-
pants from these organizations has been declining as well.
On the other hand, while the practicing engineers in
industry seem interested in ComSoc’s magazines, it
appears that the content offered in the typical research

conference is of lesser importance to them. So the ques-
tion to answer is: How can ComSoc serve this important
constituency better?

There could be many approaches to address this chal-
lenge. We could try to set aside a section with content pri-
marily geared toward non-academic members at each
conference. We could also try to create new conferences
focusing specifically at the practicing engineer in the field.
Over many years ComSoc has tried to organize exhibitions
at some of its conferences, namely IEEE GLOBECOMs,
to attract industry participation with highly varying degrees
of success. Further, the question needs to be asked whether
our topics, our publication formats (e.g. full papers in
IEEE Xplore), or review processes are really suitable to
address the needs of our non-academic membership.

While these and other questions have been discussed
again and again over the years, there has never been a sys-
tematic approach to capture what worked well and what
did not in this regard. Therefore, ComSoc’s President
established a new standing committee in 2013 called the
Industry Content and Exhibition Committee (ICEC). The
ICEC reports directly to ComSoc’s President and cooper-
ates with existing ComSoc functions such as the confer-
ences area, the standards area, the technical activities area,
as well as the membership development area.

The ICEC is responsible for developing and promoting
a strategic vision and a management approach for confer-
ence programs that would attract attendees from industry,
administration, or other non-academic sectors. This
includes processes to assure the quality and value of con-
tent in industry oriented conference programs. It is the
overall objective and mission of the ICEC to increase
industry participation in ComSoc events. This includes, but
is not limited to, the individual targets detailed below.

1) Identification of themes, technologies, implementa-
tions, and business issues of high relevance to the commu-
nications industry at large. In contrast to the more long
term academic content supplied by current ComSoc con-
ferences, such issues will generally address near and mid-
term issues, relevant for product developers, system
integrators, consultants, and business planners.

2) While ComSoc has a strong standing in the academic
community, its visibility in the industrial area is much
lower. It may therefore be advisable to partner with other
societies or governmental organizations when addressing a
new technical or business area. The ICEC will identify and
if appropriate approach and negotiate with external orga-
nizations such cooperative programs and events to reach a
critical mass of industry participants quickly.

3) Definition and setup of content delivery processes
reflecting the different nature and needs of industry relat-
ed content, such as publication formats, copyright schemes,
review processes, etc, such that industrial engineers are
encouraged rather than discouraged to participate in Com-
Soc events. In addition, such processes shall be clearly doc-
umented to allow existing (academic) conferences to
integrate an industrial section into their program (e.g. the
Globecom IF&E section), while being consistent in terms
of processes from time to time and without the need to
reinvent the wheel for every event.
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4) A long standing question is the issue of exhibitions as
stand-alone events or co-located with other major ComSoc
events. For instance, Globecom has tried to set up a strong
exhibition for more than 10 years with varying but general-
ly limited success. It is one of the objectives of the ICEC
to explore the route to successful technology exhibitions,
either stand-alone or co-located with existing or new
events. If and only if successful exhibitions can be orga-
nized by ComSoc, the relevant processes, contacts, and
contractual schemes need to be recorded and documented.

Each member of the ICEC covers a certain technical
area of ComSoc’s technical scope, such as communications
circuits, components and devices, physical layer communi-
cations technologies, namely wireless, optical, or other
transmission technologies, telecommunication networks
architecture, control, management, planning, and evolu-
tion, communications software and (end-user) services as,
well as communications markets and business aspects,
including societal impacts and big societal challenges. All
of these voting members should be and are currently from
industry.

However, in order to extend the reach and impact of
the ICEC’s activities, the ICEC is forming Special Interest
Groups (SIGs) that will each address a specific (industry
relevant) technology or business domain, identifying rele-
vant technical topics, high caliber speakers, and potential
partner organizations, bridging between the ICEC, specific
conference committees, and the relevant experts in indus-
try and ComSoc.

A SIG is an informal group of engineers/researchers

with a good view of hot topics relevant to industry mem-
bers. SIGs are strongly recommended to involve, discuss
with, and hence take advantage of ComSoc’s existing Tech-
nical Committee (TC) structure and their members. TCs
by definition have a good view of their respective fields,
and although they are often driven by academic members,
they can contribute a lot to ICEC’s objectives and targets.
However, it is important to stress that SIGs are open
groups and we very much hope that engineers, so far not
so involved with ComSoc, will take the opportunity to
involve themselves more and contribute through this new
mechanism and organization. You can find more informa-
tion about the ICEC, its charter and members, as well as
the SIG structure, on the ComSoc web page under
http://www.comsoc.org/about/committees/standing

As the current chair of the ICEC, I want to encourage
all readers, especially our members from industry, busi-
ness, or government, to grasp the opportunity this new
committee and structure offers them to contribute and to
shape ComSoc to server their needs better. If you are
interested in contributing, please contact the ICEC mem-
bers and SIG chairs relevant to your interest. If you have
ideas about how ComSoc can serve you better, please con-
tact them. If you are willing to contribute your time, your
ideas, and your energy to serve your technical community,
this is the perfect time and mechanism to do so. As the
ICEC and the SIGs are new organizations with many
aspects of their work still under definition and under dis-
cussion, your contribution can make the difference. Don’t
miss this opportunity!

OMBUDSMAN

ComSoc ByLAws ARTICLE 3.8.10
The Ombudsman shall be the first point of contact for reporting a
dispute or complaint related to Society activities and/or volunteers.
The Ombudsman will investigate, provide direction to the appropriate IEEE resources if necessary,
and/or otherwise help settle these disputes at an appropriate level within the Society...

IEEE Communications Society Ombudsman
c/o Executive Director
3 Park Avenue
17 Floor
New York, NY 10017, USA

ombudsman@comsoc.org
www@comsoc.org “About Us” (bottom of page)
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CONFERENCE PREVIEW

I[EEE GLOBECOM 2015 10 HOLD 58TH ANNUAL CONFERENCE

DECEMBER 6—10 IN SAN DIEGO, CALIFORNIA

"CALL FOR PAPERS” ENDS APRIL 1 FOR ORIGINAL SUBMISSIONS DEDICATED TO
INNOVATIONS AND BREAKTHROUGHS IN NEXT GENERATION COMMUNICATIONS TECHNOLOGIES

IEEE GLOBECOM 2015 e
(http://globecom2015.ieee- EME‘TQ;@MEE..QQ?E\.
globecom.org/), the premier somwassie
international event dedicated
to driving innovations and
technological breakthroughs in nearly every aspect of commu-
nications, will hold its 58th annual event from December 6 —
10 at the Hilton San Diego Bayfront Hotel in San Diego, Cal-
ifornia. The “Call for Papers” will end April 1 for original
submissions dedicated to next wave advancements in areas
ranging from e-Health, Internet of Things (IoT) and game
theory to power-line, satellite, smart grid space, green and 5G
cellular networking communications.

“Each year, IEEE GLOBECOM organizers set out to cre-
ate an experience that will drive global achievements,” says
Ed Tiedemann, IEEE GLOBECOM 2015 General Chair and
Senior Vice President of Engineering at Qualcomm Technolo-
gies, Inc. “IEEE GLOBECOM 2014 was a phenomenal suc-
cess with nearly 3,000 scientists, industry professionals and
academics attending more than 2,500 presentations. We are
committed to surpassing the excellence achieved by last year’s
schedule with an industrial and technical program highlighting
the many significant achievements, research projects and
deployments destined to reshape our lives and the way we do
business on a global scale.”

Themed Connecting All Through Communications, IEEE
GLOBECOM 2015 will start on Sunday, December 6 with the
first of two full days of workshops and tutorials exploring top-
ics such as 5G cellular, next generation WiFi, green HetNets,
network radio resource and interference management, real-
time wireless system prototyping, CloudRAN, M2M/IoT,
cloud computing, NFV/SDN, optical communications, and
satellite communications.

On the following day, Monday, December 7, the conference
will initiate its three-day schedule of learning sessions consisting
of keynotes, executive forums and industrial panel discussions
highlighting the entire spectrum of broadband, wireless, multi-
media, data, image and voice communications. This includes a
technical symposia program offering oral and poster presenta-
tions with 1,000 scientific papers, grouped into 12 thematic
symposia, and more than 15 parallel sessions. [EEE GLOBE-
COM 2015 will also feature an industry forum and exhibition
(IF&E) program and a large exposition showcasing the cutting-
edge technologies and interactive demonstrations of leading
communications corporations such as Nokia, Cisco, Samsung,
AT&T, Qualcomm, Keysight, Huawei and Intel. A wild
ideas/lightning talks session is planned for Wednesday evening.

Technology professionals seeking more information on
IEEE GLOBECOM 2015 speaking opportunities are urged to
visit both the Technical Program (http://globecom2015.ieee-
globecom.org/content/technical-program) and the Industrial
Program (http://globecom2015.ieee-globecom.org/content/
industry-program-submissions) then submit their original pro-
posals by the noted due dates. In the past, specific sessions
explored topics such as smart metering, cyber security chal-
lenges, next generation 4G/5G cellular networking, Internet
governance and programmable cloud networking.

This year, a special emphasis will be placed on access net-

COMMBCTING ALL THROUGH COMMLICATIONS
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works and systems, big data
networking, cloud comput-
ing, data storage, e-health,
green communications and
computing, IoT, P2P net-
working, powerline communications, SDN and NFV, satellite
and space communications, social networking, smart grid com-
munications, satellite and space communications, social net-
working and molecular, biological and multi-scale
communications. Additional areas of interest also include:

* Ad Hoc and Sensor Networking

* Cognitive Wireless Networks

e Communication and Information System Security

* Communications QoS, Reliability and Modeling

e Communication Software, Services and Multimedia Applications

e Communication Theory

*Next Generation Networking

* Optical Networks and Systems

*Signal Processing for Communications

* Wireless Communications and Networking

In addition, submissions detailing the latest technical and
business issues in communications and networking are also
welcomed for consideration within the event’s industrial pro-
gram. Organized into six parallel program tracks under the
topics of Wireless Access, Wired Access, Networking and
Information, Enabling Technologies, Emerging Applications
and Business and Government potential topics include, but
are not limited to innovations in the field of:

*5G cellular, LTE/LTE-advanced, WiFi, 802.11ad/NG60,
machine-to-machine and vehicular networking communications.

* Optical networking, advances in Ethernet, powerline
communications, fiber technologies and cable DSL.

*Big data analytics, Internet technologies, cloud computing,
cyber security, software defined networking and network
function virtualization.

*CPU/GPU/FPGA/DSP technologies, circuits and systems,
RF/Microwave/mmWave devices, design and implementation
and test and measurement.

e Internet-of-things, smart grid, social networks, healthcare,
public safety and home networking.

eStartups and venture capital, mobile software and
applications, spectrum policy and engineering and career
management.

Further details on submissions for the IEEE GLOBECOM
2015 industrial program are available at http://globecom2015.
ieee-globecom.org/content/industry-program-submissions. All
proposals should also be performed through the Easy Chair link
located at https://easychair.org/conferences/?conf= gc2015ind.

The annual dinner banquet will be at the San Diego Air
and Space Museum, a showplace for San Diego’s many firsts
in the field of aerospace. Tours are being planned to national
attractions like SeaWorld, the San Diego Zoo and the USS
Midway Aircraft Carrier.

For more information on IEEE GLOBECOM 2015 speaking
opportunities, registration information and conference updates,
please feel free to visit http://globecom2015.ieee-globecom.org/. The
website’s Facebook, LinkedIn and Twitter links are also available for
sharing thoughts and comments with peers based worldwide.
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CONFERENCE PREVIEW

IEEE CONFERENCE ON STANDARDS FOR COMMUNICATIONS AND NETWORKING TO

HoLD INAUGURAL EVENT 28 — 30 OCTOBER 2015 IN TOKYO, JAPAN

"CALL FOR PAPERS” ENDS 15 MAY 2015 FOR ORIGINAL SUBMISSIONS DEDICATED TO THE
LATEST STANDARDS-RELATED DEVELOPMENTS AND RESEARCH IN COMMUNICATIONS AND NETWORKING

The IEEE Conference on
Standards for Communica-
tions and Networking
(CSCN) will hold its first
annual event dedicated to
the advancement and glob-
alization of the latest indus-
try standards 28 - 30
October 2015 in Tokyo, Japan. The deadline for original
paper submissions is 15 May 2015 for high-quality technical
and visionary presentations exploring the development,
research and implementation of the next wave of standards in
communications, networking and all related disciplines.

“Standards are key to the success of the communications
industry as well as global systems inter-operability,” says Dr.
Tarik Taleb, IEEE CSCN General Chair and Professor at
Aalto University in Finland. “IEEE CSCN was designed to
close the gap, create greater symmetry and forge relationships
between scientists and standards experts from academia,
industry and differing standardization bodies. The goal is to
drive a deeper awareness for the work performed by
researchers worldwide, while providing a cooperative environ-
ment for sharing ideas and fostering bonds among all key
players. It will also offer a meaningful venue for disseminating
“pre-standards” technological developments that are likely to
drive future and emerging standardization.”

Immediately preceding the 94th IETF meeting that will
take place in the nearby Yokohama, Japan, IEEE CSCN 2015
will include a three-day, comprehensive agenda focused on
the delivery of visionary papers, panels, keynotes and special
industry sessions highlighting the broad critical issues impact-
ing telecommunications standards directions. Emphasized will

IEEE CSCN 2015 &£4d]355
2015 IEEE Conference on Standards
for Communications and Networking

Tokyo,Japan « 28-30 October 2015 « www.ieee-cscn.org

also be the need to foster
closer collaborations across
various SDOs resulting in
the development of more
compatible standards and
creation of more efficient
and effective global commu-
nication systems. The specif-
ic topic addressed at IEEE CSCN 2015 will include, but not
be limited to:

*Enhancements to existing systems and communication
protocols developed by standards bodies such as ITU-T,
IEEE, IETF, 3GPP, ETSI, OMA, Broadband Forum, Metro
Ethernet Forum, oneM2M, ONF, among others

* Visionary papers on hot topics, such as Advanced 5G
Radio Access and Network Infrastructure, Converged Access
Networks, Optical Networks, Twisted Pair and Coaxial Access
Networks, Software Defined Networks and Services, Network
Functions Virtualization (NFV)

*The relationship between innovation and standardization,
technology governance of standards, the history of standard-
ization, tools and services related to any or all aspects of the
standardization lifecycle, and compatibility and interoperabili-
ty, including testing methodologies and certification to stan-
dards

e Current works in progress by global standardization orga-
nizations

For more information on IEEE CSCN 2015, including spe-
cific submission guidelines, registration, patronage details and
ongoing conference updates, please visit

http://www.ieee-cscn.org
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Strengthening the Bridge of ComSoc with

Industry
Interview with Ashutosh Dutta, Director of

Marketing and Industry Relations
By Stefano Bregni, Vice-President for Member Relations, and
Ashutosh Dutta, MIR Director

This is the seventh article in the series started in September
and published monthly in the Global Communications Newslet-
ter, which covers all areas of IEEE ComSoc Member Relations. In
this series of articles | introduce the seven Member Relations
Directors (namely: Sister and Related Societies; Membership Pro-
grams Development; AP, NA, LA, EAME Regions; Marketing and
Industry Relations) and the Chairs of the Women in Communica-
tions Engineering (WICE) and IEEE Young Professionals (YP, for-

NEWSLETTER

March 2015

ISSN 2374-1082

try has contributed to the sharp decline in industry’s share of

IEEE Communication Society membership.

IEEE has the following charter for industry engagement:
*Promote and inform the concept of IEEE as a progressive

technical information provider to industry and its employees.

*Promote and inform the relevance of support of IEEE in
developing/changing technologies.

*Work with industry to establish an understanding of their
needs, and to demonstrate how IEEE can help address their
needs.

*Encourage the establishment of leadership training within the
regions and sections.

However, it is very important to evaluate if IEEE is delivering on

Industry's requirements.

Stefano: Might you be more specific?

Ashutosh: A SWOT analysis of IEEE on industry relevance
brings forth some of the weaknesses and areas of opportunities
that IEEE ComSoc needs to keep in mind while engaging with
the Industry. Some points associated with the weaknesses

merly Graduates Of the Last Decade, GOLD)
Committees. In each article, one by one they
present their activities and plans.

In this issue | interview Ashutosh Dutta,
Director of Marketing and Industry Relations.

Ashutosh is a senior member of IEEE and
ACM, and served in the past as the chair for
IEEE Princeton/Central Jersey Section, Industry
Relations Chair for Region 1 and MGA, Pre-
University Coordinator for IEEE MGA, and the
chair for the Ad Hoc Committee for Public Visi-
bility for ComSoc. Ashutosh co-founded the IEEE STEM confer-
ence (ISEC) in 2011, and helped establish STEM clubs and
implement EPICS (Engineering Projects in Community Service) in
the high schools within the Princeton/Central Jersey Section. In
his 25-year career Ashutosh has been Lead Member of Technical
Staff at AT&T's Chief Security Office; CTO of Wireless at a Cyber-
security company NIKSUN; Senior Scientist in Telcordia Applied
Research; Director of the Central Research Facility at Columbia
University; and Computer Engineer with TATA Motors. Ashutosh
is co-author of the book Mobility Protocols and Handover Opti-
mization, published by Wiley and IEEE. Ashutosh obtained his BS
in EE from NIT Rourkela, India, his MS in computer science from
NJIT, and he earned his M. Phil. and Ph.D. in electrical engineer-
ing from Columbia University, New York, under the supervision of
Prof. Henning Schulzrinne.

| am glad to interview Ashutosh and to present the organiza-
tion and activities of the Marketing and Industry Relations Board
(MIRB).

Stefano Bregni

Stefano: Hello Ashutosh. In your opinion, what are the main
issues relating to how ComSoc addresses industry needs and
areas of interest?

Ashutosh: Industry is one of the important vertices of the
ComSoc Member Relations Golden Pentagon. However, as a
matter of fact, lack of interest and active participation from Indus-
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include insufficient industry-relevant publica-
tions; lack of industrial content for confer-
ences; and too much academic dominance.

Some threats include: industry people are
too busy; industry requires immediate short-
term returns; and industry people have little
time for conferences. Some strengths include:
IEEE's global outreach; its accessibility and
affordability to engineers, including the digital
library; opportunities to cooperate with stan-
dards bodies; a forum and global initiator of
discussion and debate on relevant issues; and a professional
community to excite, motivate, and energize action.

Some opportunities that could be explored include creation of
professional and vocational qualification and recognition; creating
opportunities for individuals and companies to gain international
recognition; provide and facilitate industry experience for stu-
dents; IEEE sponsored industry lectures; creating IEEE mentoring
for professional development; reaching out to industry leaders in
explaining the values of IEEE; creating global job opportunities;
recruiting for IEEE actively at industry sites; and demonstrating
that IEEE is special and desirable to join.

Stefano: What is ComSoc doing to address such challenges, in
particular, the Marketing and Industry Relations Board?

Ashutosh: Within the past few years, both IEEE and the
Communication Society have experimented with various ways
to re-engage with industry. To re-engage the Communication
Society with industry sectors, we have come up with a strategic
framework based on the principles that embrace industry’s
interests and objectives while integrating IEEE and ComSoc's
objectives.

With the above strategic framework in place, we have now
taken steps to mobilize the team and implement the steps from
the framework. We have developed an Industry-relations volun-
teer support portal (www.ieee-industry.org) where some of the

(Continued on Newsletter page 4)

Ashutosh Dutta
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Distinguished Lecturer Tour of
Rath Vannithamby in Indonesia

By Satriyo Dharmanto, Indonesia Chapter Chair, and
Lingga Wardhana CEO of PT Floatway Systems, Indonesia

Indonesia has an estimated population of over 253 million
people. Currently there are more than 850 colleges majoring in
Information and Communication Technology (ICT), with approxi-
mately 500,000 active students and 40,000 engineering gradu-
ates per year. This has made IEEE well established in Indonesia
for 26 years. This country is also actively participating in interna-
tional organizations such as ASEAN, OIC, and APEC, and is an
active member of ITU. As the largest economy in Southeast Asia,
Indonesia also belongs to other economic groups such as the G-20
major economies (G-20) and Developing 8 Countries (D-8), as
well as the G-11, G-15, and G-77 groups.

Indonesia is the world's fourth most populous country, with
the world’s fourth highest percentage of mobile subscribers and
the world's third highest growth rate of Internet users with CAGR
580 (source: Internet World Stats). It also has the world's fourth
highest number of Facebook users and the world's fifth highest
number of twitter users.

The above conditions create unique and heavy demands on
the development of an integrated national ICT. Indonesia Digital
Network (IDN) 2020 is the main target of the government to
develop an ICT network in Indonesia, with three main programs:
id-Access, id-Ring, and id-Con.

id-Access has the main programs to achieve 200 Mobile
Broadband City, ubiquitous access for 50 big cities and broad-
band satellite access. id-Ring has the main programs to
achieve the Indonesia intelligent transport network, Indonesia’s
digital hub, and 100% broadband transport to all municipali-
ties. Furthermore, id-Con has the main programs to achieve
nationwide ecosystem-based apps, nationwide cloud comput-
ing for government, businesses, and individuals, nationwide
cyber security systems, and the target to develop a data center
facility with total 100,000m2 in 2015 and 500,000m2 by
2020.

The IEEE Indonesia section currently has about 900 active
members, with activities in the five different chapters and four
different joint chapters, seven IEEE student branches, and two
affinity groups, Women in Engineering and SIGHT in Telemedicine.

The Distinguished Lecturer Tour (DLT) Program has been a
favorite program hosted yearly by the IEEE ComSoc Indonesia
section. The lecture in 2014 was on “5G Evolution and Candi-
date Technologies & M2M Communications for Internet of Things
(loT)", by Dr. Rath Vannithamby.

Dr. Rath Vannithamby made a great presentation in front of
the participants of two different universities, Mercu Buana Univer-
sity, Jakarta, and Telkom University, Bandung. He was also a
keynote speaker at the IEEE Asia Pacific Conference on Wireless
and Mobile (APWIMOB 2014), held at the Grand Inna Hotel,
Kuta Bali.

The lecture at Mercu Buana University was held on Tuesday,
26 August, 2014, and was introduced by Dr. Mudrik Alaydrus,
the Dean of the Master Program of Telecommunication Manage-
ment. The lecture was attended by a total of 34 participants, 15
participants from academia and 19 from industry. Five of the
attendees were |IEEE members, and 29 were non-members.
Most of the attendees were master students from industries that
have business activities in the telecommunication area.
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Lecture of Dr. Rath Vannithamby in Mercu Buana University, Jakarta.

Prior to Dr. Rath Vannithamby's DLT session, Mr. Lingga Ward-
hana, CEO of PT Floatway Systems, who was the coordinator of
this DLT program, spoke about 4G readiness in Indonesia and
promoted their collaborative book writting program in telecom-
munication technology and business.

At Telkom University, the lecture was held on Wednesday, 27
August, 2014, and was attended by a total of 78 participants, all
of whom were from academia. Five of the attendees were IEEE
members, and 73 were non-members. Most of the participants
were students and lecturers at Telkom University; three people
were from Sumatera Utara University, and two were from Lam-
pung University. Most of the non-members expressed interest in
joining IEEE. The seminar was introduced by Dr. Rina Pudji Astuti,
the Dean of the School of Electrical Engineering, and was also
attended by the Vice Dean I, Dr. Basuki Rahmat.

In Bali, on 28 August 2014, Dr. Vannithamby delivered a
keynote speech in front of the IEEE APWIMOB 2014 conference,
on the topic of 5G Evolution and Candidate Technologies and
M2M Communications for loT. Prior to Dr. Vannithamby's talk,
Mr. Rizkan Chandra, CTO of Telkom Indonesia, spoke about
Mobile & Wireless System Technology, Business & Industry High-
lights in Digital Business Era, moderated by Mr. Satriyo Dharman-
to, IEEE COMSOC Indonesia Chapter chair.

The IEEE APWIMOB 2014 conference was attended by 72
people from many countries, of whom 59 were from academia
and 13 were from global companies such as Telkom Indonesia,
AT&T, Huawei, Samsung, and Intel. The attendees included 31
IEEE members and 41 non-members. The conference was also
attended by Mr. Arief Hamdani Gunawan, advisory board and
past IEEE Indonesia chapter chair, Mr. Muhammad Ary Murti, and
and IEEE Indonesia chapter executive officers.

On the second day in Bali, Dr. Vannithamby discussed 5G
Evolution and Candidate Technologies. Of the 18 attendees, 15
were from academia and three were from industry; eight were
IEEE members and 10 were non-members.

During the four-day DLT and keynote session, Dr. Vannitham-
by provided insight on the key development of telecommunica-
tions and described the key technologies for the realization of
future 5G of telecommunication technology. This lecture was very
helpful for researchers, professionals, and students who attended
this seminar. Most of the participants said the topic improved
their knowledge of telecommunication evolution. The other topic,
M2M Communications for loT, covered challenges, existing M2M
technologies, and 5G research directions on M2M/IoT. The Intel
collaborative university research program also became a topic of
interest for almost all of the participants, so they are excitedly
waiting for the next DLT program.

March 2015




CONFERENCE REPORT

International Conference on
Localization and GNSS (ICL-GNSS 2014),

Helsinki, June 2014
By J. Nurmi, General Co-Chair, Finland

The fourth edition of the International Conference on Localiza-
tion and GNSS was organized in Helsinki, Finland on June 24-26,
2014, jointly by Tampere University of Technology (TUT) and the
Finnish Geodetic Institute (FGI). The conference was chaired by
Prof. Jari Nurmi from TUT and Dr. Laura Ruotsalainen from FGl,
and the program committee co-chairs were Prof. Elena-Simona
Lohan from TUT and Jose Salcedo from Universidad Autonoma
de Barcelona, Spain. The conference was technically co-spon-
sored by IEEE ComSoc, and financially supported by the Federa-
tion of Finnish Learned Societies, local positioning industries, and
the City of Helsinki. The event brought together 45 positioning
professionals for nearly three days to the conference center
Wanha Satama (old harbor), which is a brick-built former harbor
warehouse with arched windows.

There were four high-caliber keynote speakers. Dr. Lauri Wiro-
la from HERE, Finland talked about mobile positioning and priva-
cy from the service provider point of view; Dr. Marco Lisi from
ESA, The Netherlands, shed light on the GALILEO program status
and applications of its services; Dr. Valerie Renaudin from IFST-
TAR, France, concentrated on pedestrian navigation solutions; and
Dr. Vidal Ashkenazi, Nottingham Scientific, UK, looked at the pre-
sent challenges, potential solutions and future opportunities of
Global Navigation Satellite Systems (GNSS).

The session topics were Applications and Services, WLAN and
Cellular-based Positioning, GNSS Receivers, Advanced GNSS Pro-
cessing, Signals of Opportunity, and MULTI-POS Special Session.
There were two awards given at the event. The best paper award
was given to Enik Shytermeja, ENAC, France who was one of the
speakers in the MULTI-POS (Multi-technology Positioning Profes-
sionals Marie Curie Innovative Training Network project) special
session. The best presentation award went to Nyein Aye Maung
Maung, Ritsumeikan University, Japan. There were a total 24 pre-
sentations, with an acceptance ratio of exactly 50%.

The social events were also of high quality. On the first

Walhalla calling...

The best presentation in progress, given by Nyein Aye Maung Maung.

evening there was a visit and reception at the Finnish Geodesy
Institute, with the house band playing. The banquet took place
on the second evening, at the restaurant Walhalla on the old
fortress island of Suomenlinna (to which there was the compul-
sory boat trip as well). The conference was concluded with a
sightseeing tour of Helsinki City and barbeque dinner on the
courtyard of the brewery restaurant Bryggeri.

In 2015 ICL-GNSS will be organized in Gothenburg, Sweden.
For more information, see www.icl-gnss.org

REGIONAL REPORT

The R. Macedonia ComSoc Chapter wins
the 2014 Chapter Achievement Award for
the EMEA Region

By Zoran Hadzi-Velkov, Chair, R. Macedonia ComSoc Chapter

The Republic of Macedonia ComSoc Chapter (ComSoc Mace-
donia) was founded in 1997. Since its founding, many highly
motivated and competent volunteers have served the Chapter
with great dedication to the benefit of its members. In recent
years, ComSoc Macedonia has been particularly successful in
providing high-level programs and activities to its members,
which resulted in the Chapter being honored by the IEEE Com-
munications Society with the 2014 Chapter Achievement Award
(CAA) for Region 8 (Europe, Middle-East and Africa).

According to the CAA citation, the Chapter was awarded for
“achieving excellence in Chapter activities and for contributions
made in furthering the objectives of the Society”. Specifically, the
Chapter has seen a rapid rise in its membership (e.g. 59 mem-
bers in 2013, up from 34 members in 2012), which is one of
the most important recent achievements of the Chapter. Some of
the Chapter activities that have led to the award are the following.

March 2015

1) The Chapter has registered and set up its own web page
in the comsoc.org domain (http://chapters.comsoc.org/macedo-
nia). The web page has been continuously updated with infor-
mation about chapter activities in both Macedonian and English
languages. The English version has made our Chapter activities
visible at the international level, whereas the Macedonian version
provides better outreach in the local environment. The Chapter
also maintains a Facebook profile. Both the web page and Face-
book profile have facilitated the interaction among the Chapter
members and have increased their participation in Chapter activi-
ties. Information (in Macedonian) that promotes membership in
the IEEE and IEEE Communications Society (discounts and bene-
fits, especially for students) is also constantly updated, and is an
important contributing factor to the growth in membership.

2) In 2012, the Chapter established the student achievement
award, which is given annually to a Bachelor or Master student in
telecommunications engineering in Macedonia who has achieved
notable research results. The selected student should have had
his/her research results published in a scientific article during the
previous year, or alternatively should have won an award at an
international student competition in telecommunications. Prefer-
ence is given to students who have published articles as first co-
authors in IEEE journals or IEEE conference proceedings. The
award consists of an honorarium. The Bachelor student Elena

(Continued on Newsletter page 4)
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R. MACEDONIA CHAPTER/Continued from page 3

Boshkovska is the 2013 award recipient for winning third place at
the regional student competition “Elektrijada” in the telecommuni-
cations field (photo below).

The 2013 student achievement award ceremony on 14 June 2013 at the Institute of Telecom-
munications, Ss. Cyril and Methodius University in Skopje (from left: Zoran Hadzi-Velkov, the
Chapter Chair, Elena Boshkovska, the Award recipient, and Liljana Gavrilovska, the former
Chapter Chair).

3) The Chapter co-sponsored the most important (bi-annual)
scientific conference in electrical engineering in the Republic of
Macedonia, the 11th International conference ETAI 2013, which
was held 26—28 September 2013 in Ohrid, Macedonia. This con-
ference is widely advertised among the research community and
ICT industry professionals in Macedonia and Southeastern Europe.
The conference had a separate telecommunications track, in which
about 30 papers in the telecommunications field were presented.
As a conference co-sponsor, the logo of the R. Macedonia ComSoc
Chapter was clearly visible on the conference web page.

4) In March 2014 ComSoc Macedonia hosted the Distin-
guished Lecturer of the IEEE Communications Society, Prof. Nor-
man Beaulieu from Canada, in the framework of his Distinguished
Lecturer Tour (DLT) in Southern Europe. During Prof. Beaulieu’s
three-day visit to Skopje, the Chapter organized a workshop enti-
tled “How to Write an IEEE Paper”, during which the Chapter
members acquired crucial information about the art of writing
high-quality research papers from the former Editor-in-Chief of
IEEE Transactions on Communications.

5) In April 2014 the Chapter hosted the Distinguished Speak-
er of the IEEE Communications Society, Prof. Vijay Bhargava from
the University of British Columbia, Canada, who gave a lecture on
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green communications. Since energy efficiency has already
become one of the key concerns of modern societies, Prof. Bhar-
gava's lecture sparked many questions by the numerous atten-
dees from academia and the ICT industry in Macedonia.

In conclusion, winning the CAA award is a critical milestone for
ComSoc Macedonia, upon which the Chapter will build its future
activities. The award is motivation for our Chapter's volunteers to
work effortlessly for the promotion of telecommunications and
communications technologies in our local environment and
beyond, as well as furthering the objectives of the IEEE Commu-
nications Society as a whole.

MEMBER RELATIONS/Continued from page 1

manuals, industry focused messaging, and promotional fliers/
brochures can be found.

Stefano: Would you highlight any specific initiative that can be
realized in the short term?

Ashutosh: While the Industry Relations and Marketing Board is
working on some long term strategic initiatives to engage indus-
try, a working committee has been set up, which defined some
focused key short-term deliverables that include the following
items.

+Planned Webinars around Industry Day Tools with Chapter
Chairs and Section Chairs.

The India Council Communication Society and Bangalore
Section have started taking many initiatives to engage with the
industry. They have organized a series of industry related activi-
ties in the area of Software Define Networking, Big Data, and
Smart Devices. They organized TechTalks at academic institutions
by industry experts. There are also efforts underway to include
industry professionals as part of the section executive committee.
The India council is also increasingly focusing on ComSoc spon-
sored conferences across India. In order to further strengthen the
industry relationship, Bruce Worthman recently visited India, and
with the help from Munir Mohammed made contacts with many
key industry leaders at Hyderabad and Mumbai in addition to
attending the Intelect conference in Mumbai.

«In order to engage industry members with high value technol-
ogy, the IEEE Communication Society plans to a have high impact
one day summit in emerging technology areas (e.g. SDN/NFV,
5G, loT, and Cybersecurity). Currently, a high impact 5G Summit
is being planned at Princeton University on May 26, 2015.

*The IEEE Communication Society plans to hold “Future
Skillset Workshops” at a number of universities. This is an oppor-
tunity for collaboration among industry, the academic community,
and IEEE.

«Industry initiative with the startup community. According to
the 2014 member survey results compiled by ComSoc's Director
of Marketing, John Pape, 30.8 percent of ComSoc members
are/have been engaged in a start-up, and 30.5 percent plan to
hire within the next 12 months. Hence, it is very important that
the IEEE Communication Society reach out to the start-up com-
munity. There are a few proposals that are being considered
such as to name a start-up of the month, and publishing industry
news on the startup.

The industry relation committee plans to liaise with ICEC
(Industry Content and Exhibition Committee) and collect feed-
back for implementing industry content appropriately into some
of the conferences.

The IEEE Communication Society is also exporing potential
ways to increase membership, for example by instituting a Mem-
ber-Get-a-Member (MGM) Program.

«ComSoc has introduced new courses in emerging areas such
as 5@, Big Data, and Mobility.

*MIRB plans to hold virtual job fairs at many IEEE sponsored
conferences. MIRB also plans to sign an MOU with an interested
Industry partner to create an award sponsored by a specific
industry.
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GUEST EDITORIAL

TOWARD THE “SPACE 2.0"” ERA

Kul Bhasin

Claudio Sacchi

he word “satellite” has historically meant global

radio coverage, long-distance inter-continental tele-

phony, global TV broadcast, precise localization
available in the sky and across the oceans. This was conse-
quential to the early studies about geo-stationary orbits
carried out since the visionary paper of A.C. Clarke pub-
lished in “Wireless World” in 1945 [1].

The fact that Dr. Clarke has been appreciated world-
wide as science fiction writer clearly indicates that the
research on satellite communications has been character-
ized, at least during the early decades, by a strongly vision-
ary attitude. With the passage of time, satellites
consolidated their role as “long-distance” communications
enablers. However, 70 years after Clarke’s article, the role
of the satellite has apparently been fixed by the title of
that visionary document: “extra-terrestrial relay.” Indeed,
the most remunerative applications of satellite communica-
tions have so far been digital TV broadcasting (standard
DVB-S), where the satellite is simply a relay node, and
radio localization (GPS, GNSS), where satellites work as
“radio-beacons.” Just coincidentally with the mass-market
explosion of modern Information and Communications
Technology (ICT) services during the 1990s, the role of
satellites has become marginal and ancillary. The change
of philosophy in wireless networking design during the
1980s privileged the local “cellular” connectivity rather
than the global interconnection. For almost 25 years now,
cellular networks have demonstrated their superior capa-
bilities of supporting mobile connectivity in the presence
of high user density. Satellite networks, in the old vision of
“extra-terrestrial relays,” are no longer competitive. Geo-
stationary (GEO) satellites can provide global coverage,
but very long propagation path and high delays and laten-
cies severely limit the link efficiency. On the other hand,
Low-Earth-Orbit (LEO) satellites are more suitable to
support bidirectional networking, but their coverage area is
relatively small. Considering this panorama, a question
duly arises: “Apart from the well-consolidated DVB-S and
GPS/GNSS market niches, is there still room for space
communications in the future ICT market?”

Naoto Kadowaki

Fred Vong

Considering the weaknesses of the existing terrestrial
networking technologies, the answer is affirmative. The
distribution of cellular networks is not everywhere uni-
form. In a big European country like Italy, Long Term
Evolution (LTE) is available over less than 30 percent of
the territory. On the other hand, the recent data published
by the FTTH Council Europe evidenced a great difficulty
of fiber penetration in the EU countries. Only nine of the
21 nations individually analyzed should achieve “FTTH
maturity” (20 percent penetration) by 2016 [2]. Another
critical weakness of terrestrial networking is the vulnerabil-
ity with respect to natural disasters and terrorist attacks,
clearly evidenced by the dramatic connectivity disruptions
encountered during the aftermath of September 11th and
the Katrina floods [3].

The potential of space networking is enormous in terms
of broadband, low-cost ubiquitous coverage and disaster
resilience. From a merely theoretical viewpoint, satellite
link capacity is clearly superior to the terrestrial capacity.
From a more practical viewpoint, the monetary costs and
the environmental impact of satellite connections are
greatly lower than those of the corresponding terrestrial
connections.

In order to fully exploit such potential, a radical change
of the current vision of space networking is required.
Nowadays, space networks are regarded as information
broadcasters and/or coverage enhancers. In order to pro-
mote a relaunch of space technology for ICT, a complete
redefinition of the role and paradigms of space communi-
cations and networking should be conceived in the per-
spective of Future Internet. As stated in [4], Future
Internet must be globally “anywhere-anytime,” must be
capable of assisting society in emergencies, and must be
trustworthy. Terrestrial cellular communications cannot
effectively fulfil these basic requirements due to their
intrinsic “local” nature. For this reason, Future Internet
can be thought of as a “building” supported by two basic
pillars: the “local” pillar made by terrestrial networking,
and the “global” pillar made by space networking. This tar-
get is very ambitious: in such a futuristic vision, the space
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segment would become the main actor in the provision of
the global ubiquitous connectivity, instead of a merely
ancillary infrastructure broadcasting information and/or
patching coverage holes. In some sense, we can highlight
this expected revolution with the term “Space 2.0,” which
marks a clear discontinuity with the “Space 1.0” era, begun
in 1945 with A.C. Clarke’s article.

The potential outcomes are very attractive, but the
potential risks are also very high. Indeed, space communi-
cations and networking will have to rethink themselves in
terms of augmented interactivity, dynamic and context-
aware reconfigurability, resilience, and disaster immunity.
The Feature Topic, “Satellite Communications and Net-
working: Emerging Techniques and New Applications,”
the first part of which is published in the current issue of
IEEE Communications Magazine, is intended to show the
current status of satellite communications and networking
technologies with a look at the change of perspective that
will characterize the coming decades.

The first article, “Waveform Design Solutions for EHF
Broadband Satellite Communications,” by M. De Sanctis,
E. Cianca, T. Rossi, C. Sacchi, L. Mucchi and R. Prasad,
illustrates basic design criteria and advanced practical solu-
tions for waveform generation in broadband satellite com-
munications operating in the millimeter wave bandwidths,
i.e. Extremely High Frequencies (EHF).

The second article, “Cognitive Spectrum Utilization in
Ka-band Multibeam Satellite Communications,” by S.
Maleki, S. Chatzinotas, B. Evans, K. Liolis, J. Grotz, A.
Vanelli-Coralli, and N. Chuberre, deals with the applica-
tion of advanced cognitive concepts, already in use in ter-
restrial wireless communications, to multi-beam satellite
systems operating in the Ka-band.

The third article, “IP Mobile Multicast over Next Gen-
eration Satellite Networks,” by E. Jaff, P. Pillai, and Y.F.
Hu, proposes a novel PMIPv6-based solution for global
satellite-based IP multi-cast receiver mobility.

The fourth article, “Contact Graph Routing in DTN
Space Networks: Overview, Enhancements and Perfor-
mance,” by I. Bisio, G. Araniti, N. Bezirgiannidis, E. Bir-
rane, S. Burleigh, C. Caini, M. Feldmann, M. Marchese, J.
Segui, and K. Suzuki, discusses the application of Contact
Graph Routing (CGR) in different Space Delay Tolerant
Networks (DTNS).

The fifth article, “Integration of Satellite and LTE for
Disaster Recovery,” by M. Klapez, M. Casoni, C. A.
Grazia, N. Patriciello, A. Amditis, and E. Sdongos, consid-
ers a very significant topic from a societal viewpoint: the
efficient and resilient integration of satellite and terrestrial
4G networking to support emergency communications in
the aftermath of natural and/or man-made disasters.

The last article, “Software Defined Networking and

Virtualization for Broadband Satellite Networks,” by S.
Medjiah, L. Bertaux, P. Berthou, S. Abdellatif, A. Hakiri,
P. Gelard, F. Planchou, and M. Bruyere, analyzes the
potential advantages that satellite networking could take
from SDN and network virtualization in four different
technically-relevant user cases.

Approaching the 70th anniversary of A. C. Clarke’s arti-
cle, we think the papers published in our Feature Topic
can contribute to innovate concepts and methodologies of
space communications and networking in a renewed per-
spective where “Sky” will become the true “global” infra-
structure available to connect all of humanity.
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SATELLITE COMMUNICATIONS AND NETWORKING

Waveform Design Solutions for EHF
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ABSTRACT

The problematic RF environment experi-
enced by broadband satellite communications at
EHF frequency bands, in particular Q/W bands,
call for the use of novel waveforms. This paper
presents a detailed comparison of several wave-
forms in presence of nonlinear distortions and
typical values of phase noise introduced at Q/W
band. Two main types of waveforms have been
compared: Constant Envelope multicarrier wave-
forms (CE-OFDM and CE-SCFDMA) and sin-
gle carrier impulse-based waveforms (TH-UWB,
DS-UWB and PSWF-based PSM). This compar-
ison will allow to draw some practical guidelines
for the waveforms design of EHF broadband
satellite communications.

INTRODUCTION

Satellites for broadband communications in Ka-
band with throughput capabilities around 100
Gbit/s have been recently launched. Examples
include KA-SAT, Echostar 17, Viasat-1, Astra
2E and Hylas-2. However, they are still not able
to cope with the user broadband demands that
are predicted to considerably increase in the
next years [1]. Consequently, next-generation
High Throughput Satellites (HTSs) will push for
the increase of the system capacity and optimiza-
tion of system resources. The visionary target of
“terabit satellite capacity” is considered in [1].
Terabit capacity can be approached in Ka-band
by means of intensive frequency reuse through
multi-beam satellite systems. However, the use
of additional spectrum is essential to boost sys-
tem capacity to the limit of 1 Tbit/s and such
bandwidth resources can be found only in the
Extremely High Frequency (EHF) domain.

In Table 1 the slices of available EHF spec-
trum beyond Ka-band frequencies are listed.

The use of higher bands for the feeder links,
like Q/V bands or W-band, would allow a maxi-
mization of both the terminal and the gateway
spectrum, with a consequential increase of sys-
tem capacity and minimization of the number of
gateways and related costs.

In this framework, the ALPHASAT satellite
launched on July 25, 2013 together with its
“Aldo Paraboni”! payload is an important step
towards HTSs allowing to carry out, for the first
time, a communication experiment over a Q/V

band satellite link using the second generation of
the DVB-S2 standard [2]. DVB-S2 presents
some new and innovative elements with respect
to the older version of DVB-S: introduction of
Low Density Parity Check (LDPC) codes and
the possibility of using Adaptive Coding and
Modulation (ACM) techniques. Nevertheless,
the communication technology did not experi-
ence a radical change: we are still talking about
traditional single carrier modulated signals, with
Nyquist shaping and time-domain equalization.
As outlined in [3] the challenges posed by
multi-gigabit communications at frequency bands
beyond Ka-band call for the use of novel wave-
forms and in some cases rethinking the tradi-
tional baseband and RF design of the air
interface. The EHF satellite links are character-
ized by significant power losses due to large path
loss, atmospheric attenuations, and rain fading.
Therefore, the link budget is usually constrained
at these frequencies. For this reason, the avail-
able power resources should be efficiently
exploited, taking into account the presence of
significant link impairments, nonlinear distor-
tions and phase noise. The tradeoffs to be tack-
led are not trivial. The designed radio interface
should be robust against link impairments, pro-
vide high spectral efficiency and — considering
the very high data rates involved by broadband
applications — characterized by low-complexity in
the waveform generation and detection process.
Besides conventional single-carrier modula-
tion formats, like raised-cosine-filtered QPSK,
QAM, Minimum Shift Keying (MSK) and Gaus-
sian Minimum Shift Keying (GMSK), other
state-of-the-art techniques that have recently
gained some attention for satellite communica-
tions are multicarrier modulations, namely:
Orthogonal Frequency Division Multiplexing
(OFDM) and Single-Carrier Frequency Division
Multiple Access (SC-FDMA). Multicarrier mod-
ulations have been originally conceived for ter-
restrial communications, in particular, for highly
frequency selective channels. The motivation for
their applicability to satellite broadband links is
not straightforward and stems mainly from the
need of an effective integration of terrestrial and
satellite broadband systems [4]. Nevertheless, for
the applicability to a “dirty RF” environment,
such as the EHF channel, the modification to
Constant Envelope (CE) multicarrier wave-
forms, which are natively more robust to nonlin-
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ear distortions, should be considered. Other

typologies of waveforms that have been pro-

posed for satellite communication and, in partic-
ular, for EHF satellite communications are

impulse-based ultra-wideband (UWB) [5, 6].

In this article, we shall focus our attention on
practical solutions for waveform design in future
EHF multi-gigabit satellite communications. The
analysis of the most significant impairments
characterizing EHF satellite links, presented in
section II, will drive the waveform design. In
particular, we shall consider the following trans-
mission techniques:

e Single-carrier impulse-based UWB trans-
mission techniques, namely Time-Hopping
UWB (TH-UWB), Direct Sequence UWB
(DS-UWB) and binary Pulse-Shaped Mod-
ulation (PSM) using Prolate Spheroidal
Wave Functions (PSWF) of order 1 [6]

* Constant-envelope (CE) multicarrier wave-
forms, namely CE-OFDM [7] and CE-SC-
FDMA [8]

We will show the performance comparison
among the different proposed waveform solu-
tions by discussing some selected simulation
results. After that, some practical guidelines for
waveform design in EHF satellite links will be
proposed. Finally, article conclusion will be
drawn.

EHF SATELLITE LINK IMPAIRMENTS

One of the main characteristics of satellite com-
munications is the need to transmit signals at
high power so that the signal received on the
ground has enough power for a correct recep-
tion. Furthermore, the space and the power
onboard the satellite is limited and these
resources should be used very efficiently. As
demonstrated in [1], the EHF satellite transmis-
sion is clearly in the power-limited capacity
region. Shannon capacity of the order of 600
Gb/s can be theoretically reached in Q/V band
with 200 spots, frequency reuse factor equal to 4
and spectral efficiency of 1.2 bit/s/Hz [1]. Such a
low spectral efficiency indicates that the avail-
able signal-to-noise ratio (SNR) is substantially
reduced by atmospheric attenuations, scintilla-
tions and rain fading [3]. Very significant power
attenuations at frequencies beyond 30 GHz are
also yielded by antenna de-pointing losses, as
shown in [3]. For instance, at 80 GHz, a pointing
error of 0.3° involves a power loss of 18 dB.
Moreover, to increase the amount of available
power resources, the most important role is
played by the RF power amplifier. Despite recent
advances in microwave solid-state power ampli-
fiers, tube amplifiers such as Traveling-Wave
Tubes (TWTSs) and klystrons still provide the best
combination of power output, power efficiency
and bandwidth. The biggest issue of high-power
tube amplifiers is related to nonlinear behavior
of the power gain. The maximum power gain — of
the order of 50-60 dB - is reached at the satura-
tion point of the amplitude-to-amplitude
(AM/AM) characteristic. Moreover, a noisy time-
varying phase drift is produced by the amplitude-
to-phase (AM/PM) conversion typical of TWTs
and klystrons. Nonlinear amplification automati-
cally involves nonlinear distortion that might sig-

Uplink Downlink
42.5-43.5 GHz

Q/V-band 47.2-50.2 GHz 37.5-42.5 GHz
50.4-51.4 GHz

W-band 81-86 GHz 71-76 GHz

Table 2. EHF frequencies allocation for satellite
communication services.

nificantly alter both the amplitude and the phase

of the modulated waveform. Nonlinear amplifica-

tion is usually accounted by the Output Back-Off

(OBO), which is the difference (in dB) between

the output saturation power and the output aver-

age power of the amplifier.

Phase noise is an unwanted phase modulation
of an RF signal and can be viewed as spurious
sidebands on a wanted carrier. Higher-frequency
oscillators generally have higher phase noise
associated with them, but nonlinear amplifiers
may also increase the phase noise of a processed
signal. Phase noise is able at compromising the
efficiency of carrier synchronization in coherent
demodulation systems by introducing significant
phase jitters. On the other hand, in OFDM sys-
tems, phase noise can produce inter-carrier
interference with a consequential error-floor [9].
Some works about W-band satellite communica-
tions evidenced in clear manner the detrimental
impact of phase noise on the detection of single-
carrier trellis-coded [10] and turbo-coded [11]
modulated signals. Both [10] and [11] concluded
that phase noise should be conveniently limited
in order to obtain acceptable performance.

The analysis of EHF link impairments shown
in this section may suggest to PHY-layer design-
ers the following basic hints:

* Power resources are very scarce and (there-
fore) precious in EHF bands and cannot be
wasted. This implies that modulation for-
mats highly resilient against nonlinear dis-
tortion should be considered in order to
exploit the power amplifiers at their maxi-
mal efficiency.

e The robustness against thermal noise and
phase noise is a primary requirement. It has
higher priority than mere spectral efficiency
(higher order modulations can be consid-
ered only if they cope with robustness
requirements).

The basic Nyquist-shaped pulse waveforms,
like root-raised cosine, do not match up well with
such requirements, because they are vulnerable
to nonlinear distortions. Unfiltered binary or
quaternary modulations using rectangular pulse
shaping (BPSK, QPSK), characterized by con-
stant amplitude, are not acceptable for broad-
band transmission applications due to their high
sidelobe power levels, not complying with the
standard recommendation about spectrum usage.
Frequency modulation schemes like Minimum
Shift Keying (MSK) and Gaussian Minimum
Shift Keying (GMSK) are resilient against non-
linear distortion and characterized by negligible
sidelobe power level but, as shown in [6], are vul-
nerable to phase noise. We think that the effi-

|
One of the main
characteristics of
satellite communica-
tions is the need to
transmit signals at
high power so that
the signal received
on the ground has
enough power for a
correct reception.
Furthermore, the
space and the power
onboard the satellite
is limited and these
resources should be
used very efficiently.
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Figure 1. CE-SC-FDMA modulation/demodulation scheme.

cient exploitation of EHF bandwidth portion will
require a step-ahead in waveform design with
respect to conventional state-of-the-art solutions.
This will be dealt in the rest of the article.

IMPULSE-BASED UWB WAVEFORMS

In impulse-based UWB waveforms, the informa-
tion bits are encoded in various characteristics of
the transmitted pulse, such as the pulse pres-
ence, position and shape. UWB is mostly applied
to short-range wireless applications as a conse-
quence of the limitations to the radiated power
required for unlicensed use of the spectrum.
Nevertheless, the definition of UWB signals
given by the FCC on the 1998, is concerned only
with the bandwidth and not with the power emis-
sion. The FCC defines UWB as a signal with
either a fractional bandwidth of 20% of the cen-
ter frequency or 500 MHz. Therefore, UWB
communications technologies can also be used in
licensed systems at the condition that a large
bandwidth is available for a single signal and this
condition could be fulfilled at Q/V/W bands.
Their use in the satellite context is undoubtedly
an innovative approach. This type of waveforms
could bring some substantial advantages in the
direction of relaxing HW requirements and
reducing systems costs [12], with the disadvan-
tage of a reduced spectral efficiency.

Several works have demonstrated that IR-
UWB at EHF, namely at 60 GHz band, can pro-
vide transceiver simplicity, i.e. no need of stable
sources, oscillators or mixers [13]. Moreover, as
reported in [14] in case of impulse-based com-
munications, it is possible to avoid the use of
oscillator and mixers; the idea consists in gener-
ating extremely narrow pulses (picoseconds),
which have a bandwidth of 100 GHz and then
filter them with a bandpass filter centered at 78
GHz. The involved hardware technology is quite
complex and far from being space-qualified.
Nevertheless, this result encourages in looking
for novel RF architectures for pulsed-based
communications. Finally, UWB-waveforms have
been proposed in all the contexts where power

efficiency and robustness to channel non-ideali-
ties is preferred to high spectral efficiency (wire-
less sensor networks, WBAN). In general, a
modulation in which the information is encoded
in the pulse position such as the Pulse Position
Modulation (PPM) is expected to be more robust
to nonlinear distortions introduced by the HPA
with respect to modulation format where the
information is encoded in the polarity of the
pulse. This higher robustness could be used to
relax the requirements on the HPA.

Different motivations that have led to pro-
pose the use of other innovative UWB pulse
shaping, such as Prolate Spheroidal Wave Func-
tions (PSWF) waveforms. PSWFs were discov-
ered by Slepian and Pollack in 1961, but their
use in practical communication systems has been
proposed quite recently. These waveforms, based
on the solution of specific differential equations,
are characterized by optimal energy concentra-
tion in time and frequency domain. In particular,
PSWEF of order 1 and order 2 can provide RF
modulated signals characterized by a near-opti-
mal compromise between spectral compactness
(sidelobe power level 31.5 dB below the main
lobe [6]) and envelope compactness (their Peak-
to-Average-Power-Ratio (PAPR) is 1 dB [6]).
Therefore, the effect of nonlinear distortions can
be drastically reduced, while maintaining a spec-
tral efficiency rather similar to bandwidth-limit-
ed raised cosine waveforms. In Section V, a
detailed comparison of PSWFs with other classi-
cal IR-UWB waveforms is shown.

CONSTANT-ENVELOPE MULTICARRIER
MODULATION SCHEMES

OFDM and its multi-user extension (OFDMA)

found a lot of applications in recent standards

for terrestrial wireless networking (IEEE

802.11n, WiMAX, LTE) for three main reasons:

e It offers a lower complexity solutions than
current single carrier systems to the prob-
lem of performance degradation over fre-
quency selective channels
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¢ It potentially offers good spectral efficiency;

e It efficiently supports variable data rates
and provides high flexibility in radio
resource management.

On the other hand, the application of this
transmission technique has been considered for
many years unfit for satellite communications.
An OFDM signal is characterized by high ampli-
tude fluctuations that produce large PAPRs.
Moreover, high-frequency satellite channels are
usually not frequency selective and, hence, the
main motivation to use OFDM does no longer
hold. Several studies can be found on its use in
both mobile and fixed satellite communication
systems transmitting in the lower bands of the
satellite spectrum (L, S and C bands), where
multipath propagation still involves frequency
selectivity. Moreover, OFDM has been adopted
by the standard for Digital Video Broadcasting
Satellite services to Handhelds (DVB-SH) [14],
which is the same signal format defined in DVB-
H for terrestrial systems. The main reason for
adopting OFDM in this context stems from the
fact that satellite and terrestrial transmitters
form a Single Frequency Network (SFN). More-
over, the use of the same technique for the satel-
lite component would reduce the complexity of
the terminal. Less straightforward is the motiva-
tion to use OFDM in satellite fixed broadband
systems. In this context, some studies have
proved that SC-FDMA is less sensitive than
OFDM to nonlinear distortions thanks to the
reduced PAPR. However, PAPR of SC-FDMA
may be still significant, in particular if Localized-
FDMA subcarrier allocation is done. Therefore,
OBO is still required to make SC-FDMA safely
working on satellite links.

A class of FFT-based modulation schemes
that are robust to nonlinear distortions and that
is worth considering for transmission at Q/V/W
bands, is the class of Constant Envelope (CE)
multicarrier modulations, namely CE-OFDM [7]
and CE-SC-FDMA [8]. The main idea of CE
multicarrier systems is to add a nonlinear phase
modulation to a real-valued multicarrier signal.
The block diagram of the CE-SC-FDMA modu-
lator/demodulator is shown in Fig. 1.

The PAPR of the CE-modulated signal is
constrained to 0 dB. The price to be paid is an
increase of the signal bandwidth due to the real-
valued I-FFT operation [7, 8]. The spectral effi-
ciency S of CE-OFDM and CE-SC-FDMA
transmission using a M-QAM constellation (M
= 2k, k even) equals to: S = log, (VM)/max(2mh,
1) b/s/Hz. The tradeoff performance/spectral
efficiency is accounted in CE multicarrier modu-
lations by two parameters: M and 2rh, as shown
in [7]. Theoretically, fixing M, it is possible to
decrease the symbol-error-probability simply by
increasing 2mh. Practically, this is not always true
because of the threshold effect typical of nonlin-
ear modulations. Anyway, as pointed out in [7]
and (8], such tradeoff is very interesting and may
deserve a formal analysis.

Both [7] and in [8] confirmed the very good
performance yielded by CE-OFDM and CE-SC-
FDMA in the presence of nonlinear amplifica-
tion and frequency-selective multipath fading,
which is a typical situation related to low-fre-
quency mobile satellite communications. We

Parameter Q band W band
Center Frequency 40 GHz 85 GHz
Spectral Efficiency 1 bit/s/Hz 1 bit/s/Hz
HPA Output Power Backoff 5dB 5dB

Phase Noise at 1 MHz —140 dBc/Hz —-100 dBc/Hz
Phase Noise at 10 MHz —-160 dBc/Hz —-120 dBc/Hz

Table 2. Main simulation parameters.

think that CE multicarrier modulations may rep-
resent an interesting alternative solution for
EHF broadband satellite communications,
because they would allow benefiting of the favor-
able features of multicarrier modulations, while
avoiding the detrimental effects of nonlinear dis-
tortions and power backoffs. A significant open
issue is related to the effect of phase noise on
such kind of waveforms that have not yet been
appreciated. It is demonstrated in [7] that a con-
stant phase offset has no impact on the CE
receiver performance. On the other hand, phase
noise becomes additive noise after the arctan-
gent detector performing phase demodulation.
The arctangent detector is followed by a phase
unwrapper aimed at minimizing the effects of
ambiguities due to phase jumps crossing the ?
boundaries [7]. The introduction of significant
amounts of phase noise would increase phase
ambiguities and the phase unwrapper might
make mistakes. An error-floor would result from
such mistakes. In the next section, we shall verify
the occurrence of this potential drawback by
means of selected simulations.

COMPARISON OF
DIFFERENT WWAVEFORM SOLUTIONS

With the final objective to provide guidelines for
the design of novel waveforms for satellite trans-
missions at Q/W bands, and according to the lit-
erature review shown in previous Sections on the
most related studies, in this section the following
waveforms are compared:

e UWB-based techniques: TH-UWB, DS-
UWRB, binary antipodal PSM using order 1
PSWF;

e CE multicarrier modulations: CE-OFDM
and CE-SC-FDMA.

The main simulation parameters are shown in

Table 2.

In order to have a coherent comparison, a
fixed spectral efficiency of 1bit/s/Hz has been
considered for all the modulation formats. In
case of impulse-based UWB, some kind of mul-
tiplexing is needed to fully exploit the available
bandwidth. For this purpose, two different
approaches are considered:

* TH-UWB utilizes low-duty-cycle pulses of
duration T}, which are transmitted with a
repetition period Ty. The position of the
transmitted pulse within each repetition
period is determined by a pseudorandom
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code ¢, which selects one of the N; slots,

each having duration of 7,,,. The pseudoran-

dom code takes integer value between 0 ~
N;s-1. Assuming that each bit has a length of

NTH pulses, the bit duration is 7; = NgT}.

* DS-UWB utilizes a pseudorandom code ¢,
that takes value {=1} to modulate the
amplitude of the DS-UWB pulse train.
Each bit has a length of NDS pulses and
has duration of T}, = NpgT),.

In the simulations, the transmitted data
stream is divided in 8 streams, which are sent in
parallel through 8 orthogonal codes of length 8.
As far as CE multicarrier modulations are con-
cerned, a 4-QAM constellation has been adopt-
ed with angular modulation index of 0.7 rad.
According to (4), the resulting spectral efficiency
is 1b/s/Hz. The multiplexing is considered also
for CE-OFDM and CE-SC-FDMA, in order to
exploit all the available subcarriers. In particular,
128 subcarriers have been allocated to 4 streams
in block of 32 each.

100 ¢ . . . . . . .
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Figure 2. Performance of UWB and CE transmission schemes in the pres-
ence of nonlinear distortions.
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Figure 3. Performance of UWB and CE transmission schemes in the pres-

ence of phase noise.

Figure 2, Fig. 3 and Fig. 4 show the compari-
son in presence of nonlinear distortion only,
phase noise only and with both phase noise and
nonlinear distortions, respectively. By comparing
Fig. 2, Fig 3 and 4, it is possible to infer which
RF channel impairment is dominant for each
waveform.

Curves in Fig. 2 confirm that CE waveforms
are not very sensitive to the nonlinear distortions.
On the other hand, an error-floor arises at W-
band for CE waveforms, evidently due to the
phase noise (Fig. 3). As a matter of fact, the
severe phase noise introduced at W-band (at Q-
band phase noise is much less severe) it is able to
produce noticeable phase discontinuities that the
phase unwrapping used in the CE modulations
are not able to compensate. Moreover, Fig. 2,
Fig. 3 and Fig. 4 show that the considered UWB-
based waveforms have very different behavior
with respect to these two impairments. As expect-
ed, TH-UWB, where the information is on the
pulse position, is not much sensitive to the non-
linear distortions introduced by the power ampli-
fier (curves in Fig. 3). Nevertheless, from Fig. 3
TH-UWB appears to be sensitive to the phase
noise as the higher phase noise introduced at W-
band noticeably degrades the performance with
respect to the performance at Q-band. As a mat-
ter of fact, phase noise in the time-domain can
be seen as fluctuations in the times of zero-cross-
ings of the waveform (time jitters). Even if the
phase noise is not so strong to change the polari-
ty of the pulse (in case of bi-phase modulation,
as the one considered for DS-UWB), it seems to
be able to cause a relevant time-jitter, which has
an impact on modulation where the information
is encoded in the pulse position. On the other
hand, for DS-UWB, nonlinear distortions have a
dominant effect. In fact, DS-UWB, which uses a
bi-phase modulation is not much sensitive to the
phase noise but it is shown to be the most sensi-
tive to the high nonlinear distortions introduced
at such high frequency bands, which might cause
inversion of the pulse polarity.

The more robust solution with respect to both
nonlinear distortions and phase noise is the bina-
ry antipodal PSM using order 1 PSWF pulse.
Nevertheless, it is worth mentioning that the gen-
eration of PSWFs is still unaffordable by state-of-
the-art signal processing architectures, at least at
the high baud-rate considered in our simulations.
Indeed, as shown in [6], 64 samples/pulse are
required at minimum in order to maintain the
optimal properties of these waveforms. This
would result in a sampling rate of 320 GHz,
clearly unreachable by state-of-the-art devices.

At W-band, TH-UWB shows performance
close to the one of CE waveforms. On the other
hand, even if phase noise has a noticeable impact,
it does not cause error-floor as it does for the CE
waveforms. Furthermore, TH-UWB is practically
realizable with current electronic technologies,
which is not the case for PSM-PSWF.

CONCLUSION

In this article, we compared different waveform
solutions for future broadband EHF satellite
communications. Two main issues should be
addressed in such a context: the scarcity of
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power resources that requires the exploitation of
saturating high-power amplifiers at their maxi-
mum efficiency and the frequency instability due
to phase noise. Some solutions derived by UWB
standards, like: TH-UWB, DS-UWB and binary
PSM using PSWF have been compared with
constant-envelope multicarrier modulations (CE-
OFDM and CE-SC-FDMA), whose usage in
satellite communications has been very recently
proposed. Binary PSM using PSWF theoretically
exhibits the best tradeoff between envelope com-
pactness, spectral compactness and robustness
against EHF link impairments, but the related
waveform generation is complicated, computa-
tionally intensive and not affordable by current
state-of-the-art signal processing architectures.
On the other hand, the generation and the detec-
tion of TH-IR signals are very simple and cheap.
Such a solution is robust to nonlinear distortion,
but it is vulnerable to the effects of phase noise.
At the opposite, DS-UWB modulation format is
more affected by nonlinear distortions. As far as
CE-OFDM and CE-SC-FDMA are concerned,
their use may be suggested when the phase noise
level is moderate (e.g. in Q band). But, if phase
noise increases (e.g. in W band), CE multicarrier
techniques may suffer from phase instability. At
the present time, TH-UWB looks the best candi-
date waveform at such high frequency bands, but
PSWF-based PSM and CE multicarrier modula-
tions may be considered valuable future alterna-
tive, provided that the open issues still impairing
them will be solved.
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ABSTRACT

Multibeam satellite networks in Ka band
have been designed to accommodate the increas-
ing traffic demands expected in the future. How-
ever, these systems are spectrum limited due to
the current spectrum allocation policies. This
paper investigates the potential of applying cog-
nitive radio techniques in satellite communica-
tions (SatCom) in order to increase the spectrum
oppor- tunities for future generations of satellite
networks without interfering with the operation
of incumbent services. These extra spectrum
opportunities can potentially amount to 2.4 GHz
of bandwidth in the downlink and 2 GHz of
bandwidth in the uplink for high density fixed
satellite services (HDFSS).

INTRODUCTION

The Ka band is mainly considered by the SatCom
industry for deployment of satellite high speed
broadband networks in un-served and under-
served areas. To determine the market demand
for Ka band, recent R&D studies in Europe [1, 2]
show the potential demand for satellite broad-
band services in rural areas in order to meet the
objectives of the Digital Agenda for Europe, i.e.
universal availability of broadband speeds of at
least 30 Mb/s throughout Europe, with at least
50 percent of households having access to data
rates above 100 Mb/s. Moreover, some studies
conclude that the average number of total Euro-
pean households that will choose a satellite
broadband connection in 2020 is expected to be
between five and 10 million [2]. This represents
a market potential for several satellite systems
and creates the need to access extra spectrum,
including the frequency bands shared with other
services, in order to accommodate the increasing
bandwidth and data rate demands [3].

It is foreseeable that spectrum congestions
can make future Ka band deployments more dif-
ficult. High throughput satellites (HTS) already
suffer from spectrum scarcity in Ka band in
order to deliver meaningful performance. Only
500 MHz of exclusive geostationary satellite

orbit (GSO) incumbent spectrum is available in
all ITU regions for downlink. The access to a
further 2.4 GHz of spectrum in Ka band as dis-
cussed in this article potentially allows satellite
operators to meet the demand for HDFSS with-
out prior individual frequency coordination. This
in turn justifies the need to investigate cognitive
radio (CR) techniques in the SatCom context, in
order to allow exploitation of the shared fre-
quency bands while guaranteeing acceptable
interference to the incumbent users [3].

Another important factor to be taken into
account is the long-term and persistent interfer-
ence from the terrestrial services that affects the
core business of satellite operators. In this con-
text, CR based solutions can provide relief as
well as a measurable utilization and revenue
increase to the SatCom industry.

In this article three scenarios, i.e. A, B, and C,
are considered as appropriate opportunities for
cognitive SatCom in Ka band with the special
focus on the European region. As we show later,
these scenarios are in line with the current ITU-R
regulations, and are based on the European Con-
ference of Postal and Telecommunications Admin-
istrations (CEPT) decisions on dynamic spectrum
utilization. Scenario A in the band 17.3-17.7 GHz
investigates the spectral coexistence of fixed satel-
lite service (FSS) terminals working in the down-
link with broadcasting satellite service (BSS)
feeder links in the uplink. This scenario is depict-
ed in Fig. 1a. In this scenario, the cognitive link is
from the GSO satellite to the earth FSS terminal,
and the incumbent is from the BSS feeder link to
a different GSO satellite employed for broadcast-
ing. Scenario B considers a cognitive FSS down-
link scheme in the 17.7-19.7 GHz band where the
incumbent users are fixed service (FS) links. As
shown in Fig. 1b, the cognitive link in this scenario
is the same as in Scenario A, but the incumbent
link is from one FS terminal to another FS termi-
nal. In Scenario C, in the band 27.5-29.5 GHz
where FS links are the incumbent users, the FSS
terminal provides cognitive uplink communication.
This scenario is illustrated in Fig. 1c. Unlike previ-
ous scenarios, here the cognitive link is from the
FSS Earth terminal to the GSO satellite, and the
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Figure 1. a) Cognitive spectrum utilization in 17.3-17.7 GHz band (Scenario A). CL denotes the cognitive link, and IL denotes the
incumbent link; b) Cognitive spectrum utilization in 17.7-19.7 GHz band (Scenario B); ¢) Cognitive spectrum utilization in

27.5-29.5 GHz band (Scenario C).

incumbent link is the same as in Scenario B. It is
important to note that for all three scenarios, the
incumbent links are assumed to be fixed with no
change in their infrastructure possible due to the
coexistence. Furthermore, it is assumed that there
is no feedback from the incumbent systems to the
cognitive links. Also, it is important to note that
all these non-exclusive frequency bands in Ka-
band under investigation have shared allocation
for many years and are actually shared today. Cog-
nitive radio techniques could allow the use of
these shared frequency bands by mass deployed
satellite terminals without prior individual fre-
quency coordination, which is needed to satisfy
the future market demands.

While the potential gains of cognitive spec-
trum utilization in Ka band are clear, the
required enabling technologies to ensure coexis-
tence within the current regulatory regime need
to be developed. These mechanisms include
spectrum awareness and spectrum exploitation.
Spectrum awareness in turn can be obtained
through databases and spectrum sensing. When
the spectrum opportunities are known from
databases or spectrum sensing, the remaining
problem is how to allocate the available carriers
in order to optimize the system performance [3].

DYNAMIC SPECTRUM UTILIZATION
FOR KA BAND MULTIBEAM SYSTEMS

As mentioned earlier, to satisfy the future traffic
increase, a wider range of frequency bands is
required to provide a high service availability
with much higher data rates. In this section we
review the spectral regulation in Ka band, and
particularly we focus on the potential of cognitive
spectrum utilization in the three frequency bands
mentioned in the previous section: 17.3-17.7
GHz, 17.7-19.7 GHz, and 27.5-29.5 GHz.

Table 1 provides the ITU-R table of alloca-
tions in the aforementioned frequency bands.
Considering ITU-R allocation policies as
described in Table 1, CEPT has adopted related
decisions that give guidance on the use of these
bands by FSS. These CEPT decisions are related
to the three Ka band scenarios under investiga-
tion here and are outlined below [5].

*CEPT has adopted a decision, ECC/DEC/

(05)08, which gives guidance on the use of the
17.3-17.7 GHz frequency band by the FSS termi-
nals. The decision stipulates that the incumbent
users in this band are BSS feeder uplinks. The
deployment of uncoordinated FSS Earth stations
is also authorized in these bands. This scenario is
depicted in Fig. 1la. As we can see, in the down-
link mode, the cognitive transmitter (GSO satel-
lite) does not interfere with the incumbent
receiver (GSO satellite). This is controlled by the
orbital separation between the GSO satellites.
However, the FSS terminal may receive interfer-
ence from the BSS feeder link earth stations. As
shall be shown later, this interference can be
managed by employing cognitive techniques.

*CEPT has adopted a decision, ERC/DEC/
(00)07, which gives guidance on the use of the
17.7-19.7 GHz frequency band by FSS and FS.
The decision stipulates that FSS terminals can
be deployed anywhere, but without the right of
protection from interference generated by FS
radio stations. As shown in Fig. 1b, again the
cognitive transmitter does not interfere with the
incumbent FS receiver due to power flux density
limitations. However, it may receive interference
from the FS transmitter. Again, the FSS termi-
nal needs to employ cognitive techniques in order
to ensure the minimum system performance.

*CEPT decision ECC/DEC/(05)01 provides a
segmentation between FS and FSS stations in
the 27.5-29.5 GHz frequency band. The FS seg-
ment is lightly used throughout Europe in these
frequencies. We envisage an uplink cognitive
FSS service in this band where the incumbent
users are FS links. As we can see in Fig. 1c, here
the cognitive transmitter, which is a FSS termi-
nal, may interfere with the incumbent FS links.
Therefore, employing cognitive techniques to
avoid harmful interference to the incumbent
users is the main challenge in this scenario.

The reference frequency plan, which is con-
sidered in this article and is in line with ECC
decisions, is depicted in Fig. 2. To sum up the
regulation situation, in the downlink mode, the
cognitive terminals can freely access the spec-
trum but need to manage the interference
received from the incumbent users; in the cogni-
tive uplink mode, they need to make sure that
their transmission does not interfere with the
incumbent receivers. To solve these issues, we
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The spectrum aware- A R LS

ITU-R Region 1 ITU-R Region 2 ITU-R Region 3

ness unit is responsi- FSS (space-Earth) FSS (space-Earth) FSS (space-Earth)

ble for gaining 17.3-17.7 GHz BSS (feeder links) BSS (feeder links) BSS (feeder links)
Radiolocation Radiolocation Radiolocation
knowledge about
the incumbent users, FSS (space-Earth) ) FSS (space-Earth)
. 17.7-19.7 GHz BSS (feeder links up 18.1 GHz) FSS (space-Earth) BSS (feeder links up 18.1GHz)
and it is based on a FS FS FS
Joint interaction
among the database FSS (Earth to space) FSS (Earth to space) FSS (Earth to space)
’ 27.5-29.5 GHz FS FS FS

spectrum sensing, MS (mobile services) MS MS

I} S Table 1. ITU-R table of allocations in Ka band [4].

functions, with the

aid of a cognitive
zone block.

may need to employ CR mechanisms. These
techniques are described in the following sec-
tion. Note that the frequency plan of Fig. 2 is
merely illustrative as the techniques can be
applied to any Ka band satellite system.

COGNITIVE MECHANISMS FOR
OPPORTUNISTIC SPECTRUM
UTILIZATION

To enable cognitive spectrum utilization in Ka
band, a system architecture as shown in Fig. 3 is
employed. This system consists of a spectrum
awareness unit that provides information regard-
ing the incumbent users, and a network manage-
ment or spectrum exploitation unit that allocates
the carriers and the transmission power to the
users. Each of these units are explained in detail
in this section.

SPECTRUM AWARENESS

The spectrum awareness unit is responsible for
gaining knowledge about the incumbent users,
and it is based on a joint interaction among the
database, spectrum sensing, and beamforming
functions, with the aid of a cognitive zone block
as described in this section.

Databases — The aim of the database shown in
Fig. 3 is to incorporate BSS feeder links and FS
characteristics in order to determine the inter-
ference levels at any proposed FSS terminal
location for any carrier frequency. In this way,
the FSS terminals can operate within the carrier
frequencies where the regulatory interference
thresholds are respected. If the received interfer-
ence is deemed to be high, then CR mechanisms
should be employed in order to mitigate the
interference. In addition, as shown in Fig. 3, the
database can be connected to a network man-
agement unit to optimize the overall resource
allocation in the network.

Cognitive Zones — A cognitive zone is defined
as the geographical area around an incumbent
user where cognitive techniques need to be
employed in order to limit the interference to an
acceptable level. Interference modelling con-
nected to the databases (as in Fig. 3) is per-
formed using the ITU-R P.452-15 terrestrial
propagation model. The zone boundaries are

determined by the respective regulatory interfer-
ence to noise ratio (I/N) thresholds. The total
interference is obtained by summing all the
received interferences at a particular location for
the FSS terminal. In the case of Scenarios A and
B, the zones are calculated around the FSS cog-
nitive receiver using the databases for BSS and
FS, respectively. In the case of scenario C, they
are calculated with respect to the FS links, as the
incumbent, being potentially interfered from the
FSS uplink. Scenario C is different from the two
downlink cases as in this case, the FSS terminal
is the potential interferer to the FS. Cognitive
zones can still be used for the FS incumbents.
The main challenge here is to gain accurate
knowledge about the FS links, and to model the
interference accurately, so as to avoid any harm-
ful interference to the incumbent users. A typi-
cal cognitive zone plot for scenario A is depicted
in Fig. 4. This figure was calculated using the full
ITU-R P.452-15 model with terrain effects
included. The terrain resolution was 500 m and
the interference was calculated for 20 percent of
the year. More detailed analysis regarding the
cognitive zone, particularly for Scenarios A and
B with several databases obtained from regulato-
ry bodies, can be found in [6, 7]. It is shown that
a vast geographical area can be used freely for
cognitive downlink satellite communications. In
the few remaining areas, cognitive mechanisms
such as spectrum sensing and beamforming, as
described in the following subsections, can be
employed to limit the interference.

Spectrum Sensing — Spectrum sensing is a
technique to acquire spectral knowledge about
incumbent user activities within a specific geo-
graphical location [8]. Several techniques have
been proposed in order to perform spectrum
sensing. Among these, energy detection, cyclo-
stationary detection, and matched filtering are
the most common. When it comes to the satel-
lite communication in Ka band, spectrum sens-
ing can be applied either to detect the incoming
interference from the BSS feeder links or FS
links for downlink scenarios. In the uplink sce-
nario C, since sensing the passive receivers is
practically not viable, spectrum sensing has to be
done in the FS link and, therefore, it is not con-
sidered as an enabling technique for this specific
scenario. As shown in Fig. 3, in both cases, the
spectrum sensing unit shares the obtained infor-
mation with the database and network manage-
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Figure 2. The four color frequency reuse scheme for cognitive multibeam satellite networks.

ment units. Here again, traditional sensing tech-
niques such as energy detection and cyclostation-
ary detection can be applied [9, 10].

The main constraint in the downlink sce-
narios is how much interference a FSS termi-
nal can tolerate. The FSS terminal producers
can determine this value which may amount to
I/N = -10dB. Moreover, if the FSS link budget
side knowledge is available, a higher interference
level can also become acceptable if the quality of
the received signal is still satisfactory. This
encourages spectrum sensing through Signal to
Interference and Noise Ratio (SINR) estimation
as described in [6, 11]. The limiting factor here
is the presence of the satellite beam. Usually, for
reliable sensing results, the cognitive transmitter
is quiet. This condition cannot be applied to
satellite networks, as the satellite beam cannot
be turned off for individual users. To solve this
issue, as explained in the following subsections,
beamforming techniques can be applied to can-
cel out the satellite signal.

Beamforming — A beamformer is a spatial fil-
ter that operates on the outputs of an antenna
array in order to form a desired beam pattern.
The signals induced at the different elements of
the array are combined to form a single output
of the array.

Beamforming techniques can be implemented
either on the terminal-side or on the satellite-side
in order to improve the received SINR at the cog-
nitive receiver or produce a null at the incumbent
receivers. It should be noted that implementa-
tion of a beamforming technique requires a sig-
nificant upgrade in the existing FSS system.A
terminal equipped with multiple antennas is
required to create a desired beam pattern; this
can be achieved by either adding omnidirection-
al antennas or multiple-LNBs. In this context,
different approaches for applying existing beam-
forming and precoding techniques in Ka band
cognitive communications can be considered.

In a nutshell, as we can see in Fig. 3, the
beamforming techniques can be applied in the
cognitive satellite communications in two ways:

* Beamforming for spectrum sensing/interfer-
ence detection.

* Beamforming for improving the SINR of
the satellite terminals.
The latter leads to a smaller size cognitive zone
and is investigated with promising results in [6, 12].
In Scenarios A and B, a receiver beamformer
can be designed to detect the harmful FS signals
so that the satellite terminal can avoid using the
harmful FS carriers, or to enhance the SINR by
mitigating the interference using side-lobe can-
cellation [12].

SPECTRUM EXPLOITATION

Dynamic Carrier Allocation — So far we have
determined the available cognitive resources in
specific times, frequency carriers, and geographi-
cal locations. In this subsection we outline the
methods that are necessary to allocate these
resources (particularly the carriers) to the users
in the network management unit as shown in Fig. 3.

Two major approaches can be employed by
the network manager in order to perform carrier
allocation. In the first approach, the goal is to
assign the carriers so as to maximize the sum of
the throughput and thus the overall system
throughput. In the second approach, the goal is
to maximize the availability through assigning
the available carriers to as many users as possi-
ble according to their requested rate. Under rate
constraints, a carrier can only be assigned to a
user if it satisfies a specific rate request, which is
in turn directly related to the received SINR at a
specific carrier. Cognitive carriers can be a
potential help in this case by increasing the sys-
tem availability.

While these approaches are efficient in terms
of network management, several other factors
can be considered for carrier allocation, e.g. car-
rier assignment priorities, carrier aggregation,
and shared carrier assignment.

Power Control — As power control in the
downlink is well established in current satellite
networks, from a cognitive resource allocation
perspective, we focus on power allocation relat-
ed to the uplink scenarios such as the one in the
band 27.5-29.5 GHz. Here the transmission
power should be determined so as to first
increase the system throughput, and second to

|
A beamformer is a
spatial filter that
operates on the out-
puts of an antenna
array in order to
form a desired beam
pattern. The signals
induced at the differ-
ent elements of the
array are combined
to form a single out-
put of the array.
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keep the interference to the incumbent receivers
below a specific value.

IMPLEMENTATION AND
TECHNOLOGICAL CHALLENGES

In the previous section, while describing each
enabling technique, we outlined some of the chal-
lenges that the techniques may face in practice. In
this section we evaluate these challenges in detail.
Note that the described techniques have been
thoroughly examined in a number of practical
scenarios in [6]. The obtained results show that
the adopted cognitive mechanisms are promising,
particularly in the downlink scenarios. The
described challenges in this section are provided
in order to be considered in the implementation
of cognitive terminals to achieve better perfor-
mances with respect to what is achieved in [6].

As mentioned before, databases leverage a
network-level implementation of cognitive satel-
lite communication. Applicability of the database
to the considered scenarios, particularly Scenar-
ios A and B, is thoroughly investigated in [6, 7].
It is shown that the database in combination
with interference modelling, and cognitive carri-
er allocation can provide a significant gain in
terms of total achievable throughput and geo-
graphical availability. However, the database
techniques face a number of challenges. The
database may become outdated by time, and
thus the entity that operates the database needs
to update it frequently. Further, some of the fre-
quency bands may be assigned to confidential
users, and public databases do not include the
information about these links. In these cases,
dynamic database techniques in combination
with spectrum sensing such as spectrum cartog-
raphy based on received observation from field
sensors can be employed to localize the incum-
bent users [13].

One approach to obtain a dynamic database
is to apply SINR estimation at the satellite ter-
minals. In [6] and [11], a SINR estimation algo-
rithm is introduced that is shown to be effective
in producing a dynamic database of the received
SINR in Scenarios A and B. However, the spe-
cific satellite link conditions create unique chal-
lenges for spectrum sensing. In fact, sensing of
the interference level has the particular chal-
lenge that the signal strength variations can be
very large, due to highly directional antennas
used at the terminals. Furthermore, the FSS sig-
nal received from the satellite has significantly
lower power spectral density than the terrestrial
FS link. Under worst case power imbalance con-
ditions, this may result in a saturation of the

front-end low noise amplifier (LNA). To solve
this issue, a special adaptation of LNA is required
to prevent the amplifier saturation condition.

Another characteristic that represents a chal-
lenge is the heterogeneous feature of the two
systems and their signal parameters. The signal
parameters of the interferer may therefore be
known only to some. This limits applying feature
based spectrum sensing techniques. However,
this is not a critical issue in Scenarios A and B,
as in these scenarios, the most important required
information is the received SINR.

In addition to the interference detection chal-
lenge, as mentioned earlier, the interference
could be also mitigated by using a multiple
antenna system. The interference mitigation may
be possible if the antenna directivity of the FSS
satellite terminal has reconfigurable elements,
such as beamforming approaches [14]. These
methods require a calibration and configuration
of beamforming at the antenna installation and a
direction of arrival (DoA) estimation to the
interferer. For the FSS downlink scenarios, we
can use the reception quality indicators, e.g.
SNR estimates and error rates, as calibration
and configuration feedback. This is, however,
not feasible for the uplink scenario, for which we
require a well calibrated and configured setup to
ensure that the transmit beamforming direction
corresponds to the FS receiver link direction.
Because no cooperation between the FS and
FSS systems is foreseen so far, this context
requires special consideration and possibly a new
enabling technology to make the beamforming
context work. Successful application of beam-
forming in interference mitigation for Scenarios
A and B is studied in [6, 12].

Another challenge that needs to be taken
into account is the effect of atmospheric impair-
ments, especially rain fading, on Ka band com-
munications. This leads to dynamic change of
the SINR, which needs to be addressed in the
design of dynamic carrier allocation algorithms.
However, these are usually short-term effects
that can be compensated by adaptive modulation
and coding (ACM). In our system and interfer-
ence modeling (e.g. Fig. 4 and the detailed
results in [6]), we focus on long term values,
which are more useful in the regulatory context.

CONCLUSIONS

The potential of CR applications to SatCom was
identified in this article. The regulatory issues
were discussed, and three major scenarios were
analyzed as the immediate opportunities for
extra spectrum. Enabling techniques to facilitate
dynamic spectrum utilization were investigated.
It was shown that database techniques can
enable a network level implementation of cogni-
tive satellite networks. Further, we concluded
that spectrum sensing can be used to update the
database knowledge about the incumbent users.
Considering the challenges therein, novel spec-
trum sensing could be developed in order to
obtain more accurate results. Further, the
database of current incumbent users in Ka band
needs to be acquired and managed by an entity
to enable efficient network level resource allocation.

With respect to CR applicability in the
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respective frequency ranges within Ka band, the

following points can be noted:

* 17.3-17.7 GHz band: Cognitive utilization
of this band in addition to the FSS exclu-
sive band of 19.7-20.2 GHz opens up an
additional 400 MHz bandwidth, which can
potentially increase the total throughput by
90 percent [6].

* 17.7-19.7 GHz band: CR techniques can
significantly increase the spectrum utiliza-
tion allocated to FSS by enabling access to
additional frequency spectrum. CR tech-
niques could act as a dynamic protection of
FSS downlink from FS interference.

e 27.5-29.5 GHz band: FSS stations can maxi-
mize frequency exploitation by dynamic uti-
lization of the FS segment through the
adoption of CR techniques in the satellite
uplink able to dynamically control the inter-
ference generated to the FS stations.

Last but not least, note that the European
Telecommunications Standards Institute (ETSI)
recently published the System Reference Docu-
ment (SRDoc) TR 103-263 v1.1.1 “Cognitive
Radio Techniques operating in Ka-band” [15]
which is considered to be a major milestone in
standardization of relevant CR SatCom activities.
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ABSTRACT

A new generation of satellite systems that
support regenerative on-board processors (OBPs)
and multiple spot beam technology have opened
new and efficient possibilities of implementing IP
multicast communication over satellites. These
new features have widened the scope of satellite-
based applications and also enable satellite oper-
ators to efficiently utilize their allocated
bandwidth resources. This makes it possible to
provide cost effective satellite network services.
IP multicast is a network layer protocol designed
for group communication to save bandwidth
resources and reduce processing overhead on the
source side. The inherent broadcast nature of
satellites, their global coverage (air, land, and
sea), and direct access to a large number of sub-
scribers imply satellites have unrivalled advan-
tages in supporting IP multicast applications. IP
mobility support in general and IP mobile multi-
cast support in particular on mobile satellite ter-
minals like the ones mounted on long haul flights,
maritime vessels, continental trains, etc., still
remain big challenges that have received very lit-
tle attention from the research community. This
paper proposes how Proxy Mobile IPv6
(PMIPv6)-based IP multicast mobility support
defined for terrestrial networks can be adopted
and used to support IP mobile multicast in future
satellite networks, taking cognizance of the trend
in the evolution of satellite communications.

INTRODUCTION

Recently, the role played by satellites in voice
and data communication has witnessed a rapid
growth. This is due to the advancement in satel-
lite technologies such as support for regenerative
OBP, spot beam technology, and the ability to
make use of higher frequency bands, e.g. the Ka-
band. The presence of regenerative OBP in
today’s satellite systems implies that IP multicast
packets can be replicated on-board the satellite,
and a full-mesh, single-hop communication can
be established between two or more satellite ter-
minals/gateways. These features reduce the
round trip delay in traditional bent pipe satellite
systems by half. Support for multiple spot-beam

technology in regenerative satellite systems
makes efficient frequency reuse possible within
different spot beams. Frequency reuse efficiently
utilizes the allocated frequency spectrum and
increases the overall satellite capacity. Also,
spot-beams make it possible for the satellite to
focus its power over a relatively small area using
narrow beams resulting in high power density.
High power density supports high data rates,
reduces the power requirement and size of satel-
lite terminals, and thus reduces the overall cost
of satellite communication. Next generation
satellite systems such as the Inmarsat Global
Xpress operate at the Ka-band. The advantages
of operating at this frequency spectrum are: sup-
port for higher data rates; offering more avail-
able frequency spectrum compared to the
Ku-band (five times the availability at the Ku-
band); and less competition for spectrum as
there are very few operational satellites in the
Ka-band [1]. These new features have broadened
the scope of satellite-based applications and also
made satellite communications more competitive
in multimedia, integrated voice and data com-
munications compared with other Internet-based
communications technologies.

IP multicast is a network layer protocol that
enables a sender to perform a single local trans-
mit operation to deliver the same data simulta-
neously to a group of interested receivers. This
saves processing overhead at the sender associat-
ed with sending multiple copies to individual
users, and bandwidth overhead in the network
since only one copy of the data traverses any
network link leading to an interested receiver.
The large geographical coverage area and broad-
cast nature of satellite networks are well suited
for multicast applications. Unlike in broadcast,
where the traffic is flooded in the whole satellite
footprint, in IP multicast, traffic is only sent to
spot beams that have at least one interested
receiver, thus saving bandwidth in those spot
beams that have no receivers. IP multicast appli-
cations that could be applicable to mobile satel-
lite scenarios (MSSs) as in long haul flights,
global maritime vessels, continental trains, etc.,
include: on-demand multimedia content delivery
(e.g. IPTV), real-time financial data, software
distribution and upgrade, important service
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information such as weather conditions, on-
going disaster zones and information, route
updates, etc. With all these new applications,
next generation satellite networks with their sup-
port for fast Internet broadband have a unique
opportunity to attract new customers and gener-
ate new revenues by deploying these new IP-
based services. The aeronautical industry, which
is one of the key customers for mobile satellite
services, has recently adopted IP as the future
network protocol for the Aeronautical Telecom-
munication Network (ATN) [2]. This opens up
new opportunities for satellite-based IP multicast
applications on mobile platforms, as real-time
important service information could be cost-
effectively disseminated using IP multicasting, to
a group of airlines in mid-air operating in a par-
ticular region or route or from an airline to a
group of ground offices/emergency services
around the world. Thus, IP multicast support of
customers (airliners, trains, ships, etc.) could
bring significant financial savings due to the effi-
cient utilization of the allocated bandwidth
resources. For satellite operators, the bandwidth
resources saved in each satellite footprint could
be made available to satisfy the existing cus-
tomers’ demands or sell to new customers.

IP MuLTICAST MOBILITY ISSUES IN
SATELLITE NETWORKS

In dynamic multicast group membership, when a
receiver joins a multicast group, a multicast
delivery tree is established linking the receiver to
the multicast source. When the source or receiv-
er moves from one satellite beam to another, the
delivery tree is broken because its identity (IP
address) or location have changed, so multicast
traffic from the source cannot reach the receiver.
Assuming that Mobile IP (MIP) is supported
within the satellite network, the following two
problems arise in such a scenario.

*Mobile Receiver Problems: For a mobile
receiver to re-establish the delivery tree, it has to
signal its current location to its home agent (HA)
or re-subscribe to the multicast group after han-
dover (HO) as a new member using the newly
acquired care-of-address (CoA). Considering the
long latency in satellite networks, link-switching
delay, MIP protocol operations, member- ship
protocol implementation, multicast tree recon-
struction, etc., multicast traffic would face a large
delay during the HO process, even leading to a
break in a real-time multicast application.

*Mobile Source Problems: Unlike the HO of
a mobile multicast receiver that has just a local
and single impact on that particular receiver
only, that of a mobile source is a critical issue as
it may affect the entire multicast group. During
HO procedure, the mobile source cannot send
traffic when switching from an old set of satellite
resources in the old beam to the new set in the
target beam. For an ongoing multicast session,
this could result in long multicast latency to the
entire multicast group, causing serious problems,
especially with real-time applications. If the HO
is between beams belonging to different GWs i.e.
gateway handover (GWH), then the IP address
of the mobile source will change. This creates a

serious problem, particularly in source-specific
multicast (SSM), where a receiver subscribes to a
multicast channel (S, G) i.e. to receive traffic
from a specified source identified by its IP
address S. When the new IP address (CoA) of
the mobile source in the target beam is used as
the source address to send traffic, the OBP nor
designated multicast router in the foreign net-
work cannot forward the multicast packets until
the receivers explicitly subscribe to this new mul-
ticast channel (CoA, G). This is known as the
transparency problem. Also in SSM, a multicast
source is always at the root of the source-specific
tree. The reverse path forwarding (RPF) check
compares the packet’s source IP address against
the interface upon which the packet is received.
The change of the source location and conse-
quently its IP address during GWH invalidates
the existing source-specific tree, as any traffic
sent by the mobile source from the target beam
using its home address as the source address will
result in a failure of the RPF check test and
ingress filtering. Hence, the RPF problem points
to the fact that the mobile source away from the
home network cannot use its home address as
the source address to send packets.

This paper looks at the multicast receiver
problem in detail and presents a PMIPv6-based
solution to support mobile receivers using multi-
cast applications in a satellite environment. The
solution for mobile sources is out of the scope of
this paper.

PMIPV6-BASED
IP MuLticAsT RECEIVER MOBILITY IN
TERRESTRIAL NETWORKS

Mobile nodes (MNs) in network-based IP mobil-
ity management protocols such as the PMIPv6
protocol [3] do not participate in network layer
HO procedures unlike in host-based mobility
protocols (e.g. all variants of MIP, etc.), where
the MN is an IP mobility-aware node that is fully
involved in layer 3 HO signaling. The IETF
working group, Multicast Mobility (multimob),
charged with the responsibility of providing mul-
ticast support in a mobile environment, sees
PMIPv6 as the way forward for IP multicast
mobility support in terrestrial IP networks.

The authors in [4] have proposed an IP mul-
ticast receiver mobility support schemes based
on the PMIPv6 protocol for terrestrial networks.
Two operational modes, multicast tree mobility
anchor (MTMA) and direct routing (DR), are
proposed for IP multicast provisioning within the
PMIPv6 domain, with the aim of solving the tun-
nel convergence problem between the local
mobility anchor (LMA) and mobility access
gateways (MAGs) that exist in [5]. In this pro-
posal, the IP multicast traffic to or from the
domain is separated from the unicast traffic. The
unicast traffic passes through the LMA as
defined in [3], and the multicast traffic passes
through the MTMA in the MTAM mode or the
multicast router (MR) in the DR mode. The dif-
ference between the two operational modes is
that in the MTMA, a bi-directional tunnel is
established between the MTMA and the MAGs

|
IP multicast support
for customers could
bring significant
financial savings due
to the efficient uti-
lization of the allo-
cated bandwidth
resources. For satel-
lite operators, the
bandwidth resources
saved in each satel-
lite footprint could
be made available to
satisfy the existing
customers’ demands
or sell to new
customers.
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Figure 1. PMIPv6-based architecture for IP multicast receiver mobility support: a) MTMA architecture; b) DR architecture.

that have MNs with multicast group member-
ship, while in the DR mode, native multicast
routing takes place between the MR and MAGs.
In both modes, the MAGs support the multicast
listener discovery (MLD) proxy function where
the MNs are connected to the downstream inter-
face, and the upstream interface of the MLD
proxy is configured to point toward the internal
interface of the MTMA or MR. Figure 1 illus-
trates the two modes in a PMIPv6 domain.

EXISTING SOLUTIONS FOR
IP MuLTICAST RECEIVER MOBILITY IN
SATELLITE NETWORKS

Very little has been written about IP mobile mul-
ticast support over satellite networks. The authors
in [6] proposed the MIP home subscription (HS)-
based and remote subscription (RS)-based
approaches to support a mobile return channel
satellite terminal (RCST) whenever it is away
from its home network. In the HS-based
approach, the CoA acquired by the mobile RCST
in a foreign network is registered with its HA
through the foreign GW where the mobile RCST
is currently located. A bi-directional tunnel is
then established between the mobile RCST’s HA
at home GW and the foreign GW serving the
mobile RCST. The HS-based approach, there-
fore, relies on the HA at home GW tunnelling
multicast traffic to the mobile RCST in a foreign
network. On the other hand, in the RS-based
approach, the mobile RCST uses its newly
acquired CoA to re-subscribe to the groups that
it was a member of before handover. While the
HS-based approach suffers from triangular rout-
ing problems, high HO latency, and signaling
overhead, the RS-based approach suffers from

multicast delivery tree re-construction, high HO

latency, and additional signaling overhead.

IP multicast receiver mobility using multi-hom-
ing in a multi-beam satellite network is proposed
in [7]. It leverages on the multiple interfaces for
seamless HO provisioning whenever a mobile
RCST changes its point of attachment from one
satellite GW to another. During GWH, it is pro-
posed here that interface 2 should establish con-
nection to the target beam, obtain a CoA, and join
all the multicast groups that interface 1 is a mem-
ber of. Once the mobile RCST starts receiving
multicast traffic from all the requested groups
through interface 2, then interface 1 can de-regis-
ter from all the multicast groups and shut down or
log off. Despite the advantage of seamless HO,
the implementation of this proposed approach
requires hardware modification to the standard
RCST, which usually would have just one satellite
interactive interface. This modification could be
very expensive. This approach also suffers from
high signaling overhead due to the IP address
acquisition process for the second interface.

All these proposed approaches have two com-
mon features:

* The mobile RCST must be an IP mobility-
aware node.

* They are all host-based IP mobility manage-
ment protocols that require additional soft-
ware and complex security configurations
on each mobile RCST for IP mobility sup-
port since the mobile RCST must partici-
pate in IP mobility signaling during GWH.
These two common features are at the center

of the drawbacks associated with host-based
mobility management protocols. The recent
trend in IP mobility is shifting from host-based
mobility management protocols to more net-
work-based protocols.

As seen with the previous subsection, PMIPv6
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Figure 2. Satellite PMIPv6-based IP multicast communications in a mobile scenario.

provides an elegant solution for supporting
receiver mobility in terrestrial networks. Howev-
er, this has not yet been considered for a satel-
lite network. The following section describes
how PMIPv6 can be adopted to support efficient
receiver mobility for IP multicast applications
within a satellite environment.

SATELLITE PMIPVG6
NETWORK ARCHITECTURE FOR
IP MuLTticAST COMMUNICATION

PROPOSED NETWORK ARCHITECTURE

Figure 2 shows the proposed PMIPv6 based net-
work architecture for IP multicast receiver
mobility in a satellite network. The footprint of
each satellite here forms a GW_beam (or global
beam) representing a separate IP network and
has a GW that interconnects the satellite net-
work to terrestrial networks (e.g. the Internet).
There is usually a network control center (NCC)
associated with each satellite operator. The NCC
provides real-time control and monitoring func-
tions, e.g. session control, connection control,
terminal access control to satellite resources,
routing, etc. The network management center

(NMC) is responsible for the management func-

tions of all system elements in the interactive

network (IN). In the proposed network architec-
ture shown in Fig. 2, it is assumed that:

* Three large GW_beams would be used to
provide global coverage in order to constitute
one global satellite IN under the adminis-
tration of one satellite network operator.

* The regenerative OBP on each satellite,
which decouples the uplink and downlink
transponders of each beam, has a data link
layer capability (layer 2 switch).

* The regenerative OBP supports on-board
replication of multicast packets. Each of the
GW_beams is sub-divided into many nar-
row spot-beams for reasons explained
above. The new Inmarsat Global Xpress
satellite network has 89 narrow spot beams
per satellite.

One of the most difficult tasks in deploying
PMIPv6-based mobility management in a global
multi-beam satellite-terrestrial hybrid network is
to select the most suitable location of the LMA,
MR/MTMA, and MAG, taking into considera-
tion their mobility management functions. Each
satellite footprint in Fig. 2 is proposed to have
one LMA, MR/MTMA, and MAG. The LMA is
dedicated to unicast traffic; the MR/MTMA is
dedicated to multicast traffic; and the MAG,
which is configured at each GW, acts as an MLD
proxy. The policy profiles of all mobile RCSTs
authorized for global network-based IP mobility
management are proposed to be stored at all the
LMAs and MAGs. Each mobile RCST’s policy
profile must contain the mobile RCST’s identifi-
er (e.g. MAC address), home network prefix
(HNP), link-local address (LLA), and the IPv6
address of its LMA. As shown in Fig. 2, the mul-
ticast source is assumed to be a fixed node on
the terrestrial network, while the receivers are
located both on the satellite and terrestrial net-
works and are mobile. The aircraft consists of a
mobile RCST and acts as a satellite-based mobile
multicast receiver. TER-R is a terrestrial-based
multicast receiver. Due to the ability to replicate
IP multicast traffic on-board the satellite, only
one copy of the multicast traffic is sent up to
satellite_A regardless of the number of receivers
under the satellite’s footprint. To efficiently uti-
lize the satellite bandwidth resources, the down-
link forwards multicast traffic only to the spot
beams that have at least one receiver.
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DETAILED WORKING OF enters the overlapping area between GW_B1 and
PMIPV6-BASED IP MULTICAST GW_BZ, it will undergo a SH. A SH takes place
when a mobile RCST moves from one beam into
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Note should be made here that the role played SH within one IN is coordinated by the NMC.
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Figure 3. SH signaling sequence for PMIPv6-based IP multicast receiver mobility support.
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Mobile RCST
involved in layer 3

Efficiency of
routing after

Layer 3 signaling in
satellite network at

Mobile RCST
hardware change

Mobile RCST

software change

signaling at GWH handover GWH required required
HS-based Yes No Yes No Yes
RS-based Yes Yes Yes No Yes
Multi-homed-based Yes Yes Yes Yes Yes
PMIPv6-based: DR No Yes No No No
PMIPv6-based: MTMA No No No No No

Table 1. Comparison of different TP multicast receiver mobility support schemes.

will enable the aircraft to perform the analysis of
its position information and then signal the han-
dover recommendation with a specified target
beam to be used in the handover decision pro-
cess by the NCC. The whole SH process is divid-
ed into the following two phases.

Phase 1: HO Detection and Decision: During
this phase, the aircraft executes an HO detec-
tion algorithm as it enters the overlapping area
between GW_B1 and GW_B2, and sends an
HO recommendation to NCC_A with a speci-
fied target beam identity. Upon reception of the
HO request, NCC_A, using its data base, deter-
mines that it is an SH. Signaling as shown in
Fig. 3, between NCC_A, NMC, NCC_B, GW]1,
and GW2 then follows, resulting in the aircraft
acquiring satellite bandwidth resources in
GW_B2 (target beam) [8]. When GW?2 receives
the resource request for the aircraft, MAG2
configured in GW2 receives the aircraft’s identi-
ty. Now knowing the identity of the mobile
RCST, MAG2 can then extract the mobile
RCST’s HNP, LLA, and the IPv6 address of the
LMA serving the aircraft (LMA1) from the
MNSs’ policy profile store contained in all MAGs
within the domain, as proposed above.

Phase 2: HO Execution: This begins when
the aircraft receives the HO command in a
mobility control descriptor carried in a terminal
information message unicast (TIMu) [8]. Once
the aircraft receives this command, it retunes to
the target beam and switches to a new link pro-
vided by GW2/MAG?2. Then MAG2, using the
mobile RCST’s unique LLA extracted from the
policy profile, issues the DHCPOFFER mes-
sage containing an IPv6 address from the
mobile RCST’s HNP. When the IP mobility-
unaware aircraft sees its home network LLA
and IPv6 address (from its HNP), it believes
that it is in its home network despite the fact
that it is now connected to a foreign network.

The mobile RCST on the aircraft receives its
IPv6 address immediately after switching to the
target beam, which prevents it from issuing
router solicitation messages and thus saving
satellite bandwidth resources. Following the
DHCPOFFER, MAG?2 through the mobile
RCST’s LLA issues the general MLD query to
learn about the multicast group membership
status of the newly connected aircraft. In
response, the aircraft sends back the MLD
report containing all multicast groups that it is

subscribed to. Once MAG2 receives the MLD
report, it checks its multicast membership table
to see whether the requested groups already
exist. If they do, then MAG2 simply adds the
aircraft to the list of downstream receivers and
then informs NCC_B to make the necessary sig-
naling with the OBP and aircraft to ensure that
the aircraft receives the multicast traffic.

In Fig. 3 it is assumed that the aircraft is the
first member of this multicast group in GW_B2.
It also shows the difference in signaling for the
DR and MTMA modes.

DR mode: The aircraft being the first mem-
ber of the group in GW_B2 implies that when
MAG?2 receives the MLD report from the air-
craft, an aggregate MLD report will be issued to
MR?2 for all multicast group subscriptions
required to serve all its downstream interfaces,
as illustrated in Fig. 3a.

MTMA mode: It is proposed that a MAG
should establish only one multicast tunnel to
the MTMA located within its satellite foot-
print for all its multicast needs. This is very
important in this satellite scenario to solve the
tunnel convergence problem at the MAGs
since mobile RCSTs from different GW_beams
having different home MTMAs, and subscrib-
ing to the same multicast group can coinci-
dently find themselves under the service area
of one MAG. This tunnel could be pre-config-
ured or established dynamically when the
MAG subscribed to its first multicast group. In
such a situation, when MAG2 receives the
MLD report from the aircraft, it will issue an
aggregate MLD report to MTMAZ2 (Fig. 3b)
for multicast groups that it has not yet sub-
scribed to.

COMPARISON BETWEEN THE
PrRoOPOSED PMIPV6 AND
OTHER IP MULTICAST RECEIVER
MOBILITY SUPPORT SCHEMES IN
SATELLITE NETWORKS

THEORETICAL COMPARISON

Table 1 summarizes the comparison of some key
features of the other existing IP multicast receiv-
er mobility support schemes with respect to the
proposed PMIPv6-based approach within a satel-
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lite network. From Table 1 it can be seen that in
the PMIPv6-based (i.e. network-based) approach-
es, the mobile subscriber does not require any
software/hardware modification in order to
join/leave or receive multicast traffic while away
from the home network, unlike in the other
schemes where this is required. This is because
in the PMIPv6 protocol, MNs do not participate
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in the IP mobility signaling process. Since in the
proposed PMIPv6-based approaches layer signal-
ing during handover is done by fixed network
entities (LMA, MAG, MTMA, and MR) and
not mobile subscribers, complex security configu-
rations required in MNs during layer 3 handover
in host-based IP mobility protocols are com-
pletely avoidable in the proposed PMIPv6-based
approaches. No software or hardware modifica-
tion in mobile RCST could lead to a cost reduc-
tion in mobile RCST equipment.

Also, owing to the non-participation of the
mobile RCST in IP mobility signaling for the
PMIPv6-based approaches, no layer 3 signaling
takes place over the satellite air interface in a
satellite system with a layer 2 OBP capability,
unlike in the host-based IP multicast receiver
mobility support schemes, as shown in Table 1.
IP mobility signaling in PMIPv6-based approach-
es is done by fixed satellite earth stations, which
in most cases are linked by wired terrestrial net-
works. This implies that satellite bandwidth
resources that could have been used by the
remote mobile RCST in signaling each time it
changes its IP point of attachment to the net-
work from one satellite GW to another in host-
based approaches will be saved.

From Table 1, multicast receiver mobility
support schemes in which routing of multicast
traffic after GWH must pass through the home
GW is considered inefficient (due to triangular
routing problems). The proposed PMIPv6-based
DR, RS-based, and multi-homed-based approach-
es where traffic can be sent straight to the mobile
RCST in the foreign network after GWH with-
out passing through its home GW is considered
to be efficient.

It is clear from Table 1 that the advantages of
deploying the proposed PMIPv6-based approach-
es to support multicast receiver mobility during
GWH in a multi-beam satellite network far out-
weigh those of the other existing schemes.

COMPARISON USING PERFORMANCE
EVALUATION DURING SH

Signaling cost and handover latency are the prin-
cipal factors in evaluating the performance of
any mobility protocol. Signaling cost is defined
here as the signaling overhead incurred in sup-
porting a mobile RCST to handover from one
GW/satellite to another with minimum disrup-
tion of ongoing communications [9]. Handover
latency, on the other hand, is the time period
during the handover process when the mobile
RCST cannot receive or send traffic. This han-
dover latency period for the proposed scheme is
highlighted in Fig. 3.

Handover performance analyses of the signal-
ing cost and handover latency using Fig. 3 for
the proposed PMIPv6-based approaches are per-
formed. Similarly, implementing the MIPv6
HS-based and RS-based approaches in Fig. 2,
the HO signaling cost and latency for these two
schemes are also calculated. The results obtained
are presented in Fig. 4.

Figure 4a, which compares the handover
latency of the four schemes, shows that the han-
dover latencies for the PMIPv6-based approach-
es are generally lower than those for MIPv6
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HS-based and RS-based approcahes. The lower
handover latency in the proposed PMIPv6-based
approaches occurs because the mobile RCST
does not participate in IP mobility signaling dur-
ing HO. Lower handover latency in the pro-
posed PMIPv6-based approaches implies that
fewer multicast packets will be lost during HO.
While Fig. 4b compares the total signaling
cost during SH for all four schemes, Fig. 4c com-
pares the signaling cost incurred over the satel-
lite air interface. Figures 4b and 4c show that
the PMIPv6-based approaches outperform the
MIPv6 HS-based and RS-based approaches in
terms of signaling cost because of the efficient
and simple HO procedure in the PMIPv6 proto-
col compared to MIPv6. Less signaling cost over
the satellite air interface in PMIPv6-based
approaches implies that less satellite bandwidth
resources are required to support IP multicast
receiver mobility. Considering the cost of satel-
lite bandwidth resources, the implementation of

PMIPv6-based approaches will save money.

The drawbacks of the proposed MTMA/DR
architecture are:

* The costs and effects of multicast tree
reconstruction, assuming the MN is the first
member of a multicast group under the ser-
vice of the new MAG.

* The introduction of a new mobility option
in the proxy binding acknowledgement (PBA)
from LMA to MAG to support dynamic
policies on subscription via MTMA/DR [4].

CONCLUSION

With the increasing support for IP-based appli-
cations over satellite networks and increasing
demand for ubiquitous communications, support
for IP multicast over mobile satellite terminals is
gaining importance. Despite the fact that IP
multicast saves satellite bandwidth resources and
therefore money for satellite operators and cus-
tomers, support for global mobile IP multicast
communications and dynamic group membership
over satellite networks remains a serious prob-
lem with no standard solution. This article pro-
poses a PMIPvo6-based solution for global
satellite-based IP multicast receiver mobility.
The paper details the satellite-terrestrial network
architecture for the proposed PMIPv6-based
support scheme. The proposed solution lever-
ages the advantages of the network-based IP
mobility management protocol over the host-
based protocols. It was also seen that the pro-
posed PMIPv6-based support schemes
outperform the MIPv6 HS-based and RS-based

approaches in terms of signaling cost and han-
dover latency for satellite handovers.
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ABSTRACT

Delay- and Disruption Tolerant Networks
(DTNs) are based on an overlay protocol and on
the store-carry-forward paradigm. In practice,
each DTN node can store information for a long
time before forwarding it. DTNs are particularly
suited to cope with the challenges imposed by
the space environment. This paper is focused on
routing in space DTN, and in particular on con-
tact graph routing (CGR) and its most represen-
tative enhancements, available in the literature,
which are briefly surveyed in this work.

Moreover, the applicability and the obtained
performance of the DTN protocol stack and of
the CGR have been evaluated by presenting
results from real experimental experiences such
as the Deep Impact Network experiment
(employing the EPOXI space cruise), the JAXA
jointly performed space link demonstrations with
NASA (where the JAXA’s GEO relay satellite
called Data Relay Test Satellite has been used),
the Space Data Routers European Project, and
the pilot operation of a DTN implementation on
the International Space Station (ISS).

INTRODUCTION TO
SPACE NETWORKS AND DTNS

Every mission into deep space has a communica-
tions system to carry commands and other infor-
mation from Earth to a spacecraft or to a remote
planet and to return scientific data to Earth [1].
Communications systems are central to the suc-
cess of space missions. Large amounts of data
need to be transferred (for example, nearly 25 TB
in 2013 concerning the Mars Reconnaissance
Orbiter (MRO)), and the demand will grow in
the future [1] because of the employment of more
sophisticated instruments that will generate more
data. This will require the availability of high net-
work transfer rates. Satellite systems already have
to cope with difficult communication challenges:
long round trip times (RTTs); the likelihood of
data loss due to errors on the communication

link; possible channel disruptions; and coverage
issues at high latitudes and in challenging terrain.
These problems are magnified in space communi-
cations characterized by huge distances among
network nodes, which imply extremely long delays
and intermittent connectivity. At the same time, a
space communications system must be reliable
over time due to the long duration of space mis-
sions. Moreover, the importance of enabling
Internet-like communications with space vehicles
is increasing, realizing the concept of extended
Future Internet, an IP (Internet Protocol) perva-
sive network of networks including interplanetary
communication [2], where a wide variety of sci-
ence information values are acquired through
sensors and transmitted.

The Delay- and Disruption Tolerant Network
(DTN) architecture [3] introduces an overlay
protocol that interfaces with either the transport
layer or lower layers. Each node of the DTN
architecture can store information for a long
time before forwarding it. Thanks to these fea-
tures, a DTN is particularly suited to cope with
the challenges imposed by space communication.
As summarized in [4], the origin of the DTN
concept lies in a generalization of requirements
identified for interplanetary networking (IPN),
where latencies that may reach the order of tens
of minutes, as well as limited and highly asym-
metric bandwidth, must be faced.

However, other scenarios in planetary net-
working, called “challenged networks,” such as
military tactical networking, sparse sensor net-
works, and networking in developing or otherwise
communications-challenged regions, can also
benefit from the DTN solution. Delays and dis-
ruptions can be handled at each DTN hop in a
path between a sender and a destination. Nodes on
the path can provide the storage necessary for data
in transit before forwarding it to the next node
on the path. In consequence, the contemporane-
ous end-to-end connectivity that Transmission
Control Protocol (TCP) and other standard
Internet transport protocols require in order to
reliably transfer application data is not required.

In practice, in standard TCP/IP networks,

38

0163-6804/15/$25.00 © 2015 IEEE

IEEE Communications Magazine ¢ March 2015



which assume continuous connectivity and short
delays, routers perform non-persistent (short-
term) storage and information is persistently
stored only at end nodes. In DTN networks,
information is persistently (long-term) stored at
intermediate DTN nodes. This makes DTNs
much more robust against disruptions, discon-
nections, and node failures.

The Bundle Protocol (BP) [5] is a key ele-
ment of the DTN architecture, where the basic
unit to transfer data is a bundle, a message that
carries application layer protocol data units,
sender and destination names, and any addition-
al data required for end-to-end delivery. The BP
can interface with different lower layer protocols
through convergence layer adapters (CLAs).
CLAs for TCP, UDP, Licklider Transmission
Protocol (LTP), Bluetooth, and raw Ethernet
have been defined. Each DTN node can use the
best suited CLA for the forwarding operation.

BP provides useful features such as:

e Custody transfer, where an intermediate
node can take custody (i.e. responsibility)
of a bundle, relieving the original sender of
the bundle which might never have the
opportunity to retransmit the application
data due to limited resources.

* Proactive and reactive bundle fragmenta-
tion, the former to tackle intermittent peri-
odic connectivity when the amount of data
that can be transferred is known a priori,
the latter, which works a posteriori, when
disruptions interrupt an ongoing bundle
transfer.

e Late binding, where, for example, when a
bundle destination endpoint’s identifier
includes a dynamic name server (DNS)
name, only the CLA for the final DTN hop
might have to resolve that DNS name to an
IP address, while routing for earlier hops
can be purely name based.

Routing is a critical problem in DTN networks.
Quoting from [6], “the routing objective of tradition-
al routing schemes has been to select a path which
minimizes some simple metric (e.g. the number of
hops). For DTN networks, however, the most desir-
able objective is not immediately obvious.” Nodes
are not constantly connected. Storage and energy
management affect DTN routing. A possible aim
may be increasing the probability of bundle deliv-
ery, but also reducing the delivery delay may be
important. Routing over DTN networks deserves
close attention and is the object of the next sec-
tion. A suitable solution for space networks is rep-
resented by Contact Graph Routing (CGR) [7],
where each node on the path computes a route
from itself to the bundle destination based on a
computed graph. We include a brief tutorial on
basic CGR, highlight CGR issues and enhance-
ments, and summarize CGR performance over
space networks. Finally, the conclusions are drawn.

ROUTING IN DTN SPACE NETWORKS

ROUTING AND FORWARDING IN
DTN vs THE INTERNET
Given the aforementioned challenges of space

communication, it is not surprising that the
methods used for computing routes in a space

network should be different from those used in
Internet routing. To aid in explaining these dif-
ferences, it may be helpful to return briefly to
first principles.

In general, we might say that routing is the
procedure by which we select the best path for
conveying data from source node A to destina-
tion node Q in a network. Routing would be
trivial if every node could simply transmit direct-
ly to every other, but for large networks this is
not possible. In recognition of this complexity, a
network host plans a route for a data item before
issuing it. The network state information on
which this planning is based includes the net-
work’s “topology” and a list of all known con-
nections between nodes. In a DTN-based
network, this list may include additional infor-
mation such as the speed of each connection and
perhaps the storage capacity of each node.

However, network state information may
change over time while traffic is traversing the
network, and therefore the most efficient route
may change while data is en route. For this rea-
son, routing may occur at every branch point to
take advantage of newly available information,
and consequently it is more accurate to say that
routing is the procedure by which, at each point
in the path from A to Q, we select a neighboring
branch point to transmit the data to, believing
that branch point to be on the best path for con-
veying the data to its destination. To make this
selection, we may compute a new route based on
the network state information currently available
at this point or we may simply continue along
the path previously computed by another node.

In the Internet this selection can be done
with high confidence because information about
changes in network state information can be
propagated so quickly that each node’s current
understanding of the state of the network is
almost always correct. That understanding may
be incomplete, because routing in the network
may be compartmentalized: the network state
information exposed to any node may be limited
to nodes in the local “domain” (including nodes
that are on the border between the local domain
and adjacent domains that serve as “gateways”
between domains). Nonetheless, routing deci-
sions can be made confidently in the expectation
that the distribution of network state informa-
tion within other domains is as rapid and com-
prehensive as within the local domain. Each
node is continuously connected to a small num-
ber of neighboring nodes; routing is simply a
matter of choosing the neighboring node that’s
on what seems to be the best path.

In a space network, or in one of the previous-
ly mentioned “challenged” networks where
DTNs are applied, this is not true: since connec-
tivity is intermittent and/or signal propagation
times are long, changes in the network state may
occur more rapidly than information about those
changes can be propagated. Routing is still a
matter of choosing a neighboring node to trans-
mit directly to, but determination of the best
path is constrained by lack of knowledge of the
current state of the network, and it may not be
possible to transmit immediately to the neigh-
boring node that is the nearest branch point on
the best path.
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SURVEY OF CURRENT WORK

Strategies for dealing with these obstacles have
been the focus of most DTN research for longer
than a decade. A key discriminator among these
strategies is the assumed timeliness and accuracy
of the network state information available to
every node in the network. Several surveys of
DTN routing schemes have been conducted, and
a hierarchy of DTN routing approaches, ranging
from those with zero configuration information
to those with perfect knowledge of the network,
has been defined. Approaches that assume mini-
mal accurate network state information have his-
torically been considered “opportunistic” while
those that assume complete network state infor-
mation are regarded as “deterministic.”

Significant algorithms belonging to the cate-
gory of opportunistic approaches include single-
hop multi-cast forwarding (Spray and Wait),
in-network exchange of link information
(DTLSR), and probabilistic analysis of predicted
node contact (PRoPHET). All of these rely on
the exchange of infrastructure and/or in-network
measurements in a timely manner to support on-
demand calculations of routes and forwarding
hops. Opportunistic approaches often apply a
replication-based (alternatively, “flooding-
based”) strategy. Using this strategy, messages
are typically duplicated either a fixed number of
times or else a variable number of times based
on contact probability. In networks with high
node mobility and nearly random contact estab-
lishment, the delivery success rate of this class of
approaches is higher than approaches that rely on
the accuracy of current network state information.

On the other hand, in networks where con-
tacts are predictable, the more deterministic
algorithms can achieve high rates of delivery suc-
cess with less waste of bandwidth and buffer
space. Algorithms such as MARVIN and Con-
tact Graph Routing [7] belong to this second
category. Accurate contact predictions are dis-
tributed to the nodes in the network, enabling
network graphs to be built and used to make
routing decisions on a hop-by-hop basis. MAR-
VIN encodes information about the operational
environment (planetary ephemeris data) and
infers contact opportunities from this knowl-
edge. Similarly, the numerous MANET routing
approaches also base their operation on evolving
graphs. The Contact Graph Routing (CGR)
algorithm is a formulation of the perfect knowl-
edge approach, and is currently being extended
to work in less-perfect knowledge systems. CGR
is discussed in more detail in the next section.

CONTACT GRAPH ROUTING (CGR)

CGR is a dynamic algorithm that computes
routes through a time-varying topology of sched-
uled communication contacts in a DTN network.
It can be successfully applied not only to an
Interplanetary Internet, but also to LEO satellite
communications, as in both cases link availability
is known a priori. However, this perfect knowl-
edge does not reduce the complexity of the
route computations, as CGR must consider that
links among nodes in the network change over
time. For an exhaustive explanation we refer the

reader to the CGR section of the ION Design

Guide (the Interplanetary Overlay Network

(ION) implementation of DTN, including the

Design Guide, is available at https://source-

forge.net/projects/ion-dtn/) or to the CGR Inter-

net Draft [7]. Here we provide only a few key
points of CGR’s functionality.

The basic strategy of CGR is to take advan-
tage of the fact that, since space flight communi-
cation operations are planned in detail by
mission operators, the communication routes
between any pair of “bundle agents” in a popu-
lation of nodes, all of which have been informed
of one another’s plans, can be inferred from
those plans rather than discovered via dialogue.

The foundation of contact graph routing is
the “contact plan,” a time-ordered list of sched-
uled, anticipated changes in the topology of the
network. The entries in this list are termed “con-
tacts”; each one is an assertion that transmission
from node X to node Y at nominal data rate R
will begin at time T1 and will end at time T2.
Note that this assertion implicitly also defines
the “volume” (or “capacity”) of the contact, which
is the maximum amount of data that can be
transferred during the contact, given by the
product of contact length (T2 — T1) and nominal
transmission rate R.

Each node uses the contacts in the contact
plan to build a “routing table” data structure. A
routing table is a list of “route lists,” one route
list for every possible destination node in the
network. Each route in the route list for node D
identifies a path to destination node D, from the
local node, that begins with transmission to one
of the local node’s neighbors in the network, the
initial receiving node for the route, termed the
route’s “entry node.” The route list entry for
each neighbor contains the best route that begins
with transmission to that neighbor. Also noted
for each route are:

e All of the other contacts that constitute the
remaining segments of the route’s end-to-
end path.

* The estimated “cost” of this route, e.g. the
end-to-end delivery latency.

e The “forfeit time” for this route, i.e. the latest
time by which the bundle must have been
forwarded to the route’s entry node in order
to have any chance of traversing this route.

To compute a new route list for node D:

* We construct an abstract contact graph, a
directed acyclic graph whose root is a
notional contact from the local node to
itself and whose other vertices are all other
contacts that can contribute to some end-
to-end path to D. A terminal vertex is also
included in the graph, constituting a notion-
al contact from node D to itself.

* We perform a series of Dijkstra searches
within this graph. On each search we find
the lowest-cost route that begins at the root
of the graph and ends at the terminal ver-
tex. Each time a route is computed, we add
it to the node’s list of routes and then
remove that route’s initial contact from the
contact graph before searching for the next
best route. The search series is terminated
as soon as a search fails to find a route.

Note that the routes in the route list need not
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be continuous. Each segment of the path is an

opportunity to send data from node X to node Y;

once a bundle has reached node Y it may well

reside in storage at node Y for some length of
time, awaiting the start of the opportunity to be
forwarded from node Y to node Z, and so on.

So when a bundle must be transmitted from
node A to node Q we consult the route list for
node Q. Some of the routes in the list may be
unusable. For example, a route may be tem-
porarily unavailable (transmission to the entry
node is “blocked” due to a detected or asserted
loss of connectivity); or the best-case delivery
time on a route may be greater than the bundle’s
time-to-live (the bundle would be purged before
delivery); or the “residual capacity” of the initial
contact on the route (the capacity that has not
been allocated yet to higher-priority bundles)
may not be enough to contain the bundle. Note
that this latter check is a form of embryonic con-
gestion control: a route is considered unusable if its
first contact is already fully subscribed, causing the
bundle to be redirected to less congested routes.

Of the usable routes, we choose the one with
the lowest cost and queue the bundle for trans-
mission to that route’s entry node. If the list of
bundles queued for transmission on some route
is non-empty at the time that route’s forfeit time
is reached, new routes must be computed for all
of those bundles.

The key advantage of CGR is that, like Inter-
net routing, it can be done with high confidence,
as it is based on accurate information about the
network’s topology. The difference is that:

* The topology on which routing is based is
not the currently known current topology but
rather an anticipated time-varying topology.

e Since changes in the network’s topology are
scheduled in the course of mission plan-
ning, information about those changes can
be propagated long before they occur. Just
as in the Internet, each node’s understand-
ing of the topology of the network at any
moment is almost always correct: while
propagation of information about network
topology changes is slow, it is still “faster”
than the rate at which the changes them-
selves occur.

So again, routing is a matter of choosing a
neighboring node to transmit directly to. Again,
it may currently be impossible to transmit to the
neighboring node that is the nearest branch
point on the best path, but at least determina-
tion of the best path is possible because topology
knowledge is generally accurate.

CGR ISSUES AND ENHANCEMENTS

Ever since CGR first appeared, the research
community has worked on improving its func-
tionality and usage. For instance, path selection
with Dijkstra’s algorithm, proposed as
“Enhanced CGR,” has now become part of the
core CGR functionality. Research activity on
CGR is still very active and further enhance-
ments have been proposed to cope with residual
issues. A short list of the most representative is
presented below, divided into short-term modifi-
cations to the algorithm and long-term prospects
for CGR evolution.

SHORT TERM EVOLUTION

In route computation classical CGR assumes
that bundles will be sent at the contact start time
or, if the contact is currently in progress, imme-
diately. That is, it does not consider the queue-
ing delay caused by other bundles in the
outbound buffer waiting for transmission. For
this reason, a modified version of the CGR algo-
rithm, namely CGR-ETO, was introduced in [8]
to incorporate the available queue length infor-
mation. CGR-ETO utilizes the earliest transmis-
sion opportunity (ETO) contact parameter, the
earliest plausible time that a bundle of a specific
priority can be forwarded during this contact,
replacing contact start time with ETO during
contact graph traversals. Queue length informa-
tion can be easily obtained at the local node and
is updated upon bundle routing. Obtaining use-
ful (i.e. not obsolete) queue length information
from other nodes is challenging and requires the
transmission of update messages, e.g. using the
Contact Plan Update Protocol (CPUP) [8].

A bundle may be assigned to a route that is
already fully subscribed, provided that the bun-
dle’s priority is higher than that of some of the
bundles currently assigned to that route. For this
reason CGR does not take into account bundles
of lower priority in the “residual volume” com-
putation check. The contact oversubscription
that derives from this policy is informally called
contact “overbooking.” The aim of the over-
booking management adaptation is to mitigate
as much as possible the consequences of this
contact oversubscription.

In an overbooking example of a future con-
tact, some low priority bundles put in the queue
to proximate node X will miss their contact, to
accommodate higher priority bundles. This situa-
tion is tackled by standard CGR a posteriori, by
re-forwarding the "bumped” bundles once their
forfeit time expires (usually at the overbooked
contact’s end-time). This handling, although
robust, is not efficient. By contrast, overbooking
management acts a priori, by re-forwarding as
soon as possible any bundles that are destined to
miss the contact, i.e. immediately after forward-
ing the higher priority bundle that has caused the
oversubscription. Results presented in [9] show
that overbooking management and CGR-ETO
are complementary and effective in improving
routing decisions.

LONG TERM EVOLUTION

Path Encoding CGR Extension — The stan-
dard CGR model computes a feasible path
through the network and uses that to select the
most appropriate next step in the routing pro-
cess. The Path Encoding CGR extension takes
that calculated path and attaches it to the mes-
sage. Downstream nodes may then merely verify
the continued feasibility of the encoded path
rather than calculate a new path from scratch at
every hop in the network [10]. This approach
yields four benefits. First, paths are “re-used” as
long as they are verified against local knowledge
at downstream nodes, thereby avoiding a com-
plex route calculation at every hop in the net-
work. This is a particularly important optimization
when implementing routing decisions on resource-
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Figure 1. DINET network topology.

constrained flight processors. Second, an encod-
ed path simply needs to remain feasible to be
validated, even if a potentially better path could
be recalculated. Honoring pre-computed but
potentially suboptimal paths provides a natural
damping function that resists routing loops in
networks undergoing topological changes or con-
gestion. Third, supporting feasible-versus-opti-
mal allows the use of novel cost functions for
route selection algorithms that can optimize net-
work utilization rather than individual message
delivery cost, which is an important balance in
space-based sensing constellations. Fourth, send-
ing path information with a message provides
meta-data exploitable for new research such as
path-based congestion prediction and topological
synchronization.

Opportunistic CGR Extension — Due to its
flexibility, CGR can be enhanced in order to be
applied not only to deterministic scenarios but
also to opportunistic scenarios. This would allow
its application as core routing in large-scale
DTN deployments with various, heterogeneous
contact types, such as scenarios including both
terrestrial and space nodes, thus leading to a
unified DTN routing approach.

To this end, a “divide and conquer” strategy
can be envisaged, where the overarching routing
mechanism follows a hybrid (deterministic/
opportunistic) approach. The overall network is
decomposed into different regions where either
standard CGR or a modified version able to for-
ward bundles in a probabilistic way is used,
depending on the link characteristics (determin-
istic/opportunistic) of the region. By contrast,
regions are always interconnected by standard
CGR, as their connectivity is reasonably assumed
deterministic.

A CGR evolution proposal to tackle oppor-
tunistic forwarding consists of the following
steps: first, the contact plan is extended to
include contacts with a probability of occurrence
lower than 1; second, routes to a destination are
calculated as before, thus ignoring the contact
probabilities; finally, copies of a message are for-
warded to the entry nodes of all opportunistical-
ly discovered routes that increase the message’s
aggregate delivery probability by more than a
given threshold. The algorithm is designed to
throttle back the number of copies automatically
as the aggregate expectation of delivery success
on the selected routes increases.

After this short overview of ongoing research,
we will address selected experiments that made
use of CGR.

EXPERIMENTS OVER
SPACE NETWORKS

This section briefly describes four experiences in
real space networks carried out by space agen-
cies or within the framework of international
projects. These experiences aim at investigating,
in general, the effectiveness of the DTN paradigm
over operational space networks and, in particu-
lar, the effectiveness of the CGR algorithm.
During the DINET experience, NASA per-
formed a first attempt to test their DTN imple-
mentation over a real system. The transmissions
of photos from remote planets, detailed in the
following paragraph, were successfully complet-
ed and CGR performed quite satisfactorily.
The DRTS DTN project, recently completed by
NASA and JAXA, confirmed that it is feasible
to use DTN with CGR in real spacecraft opera-
tions. The Space-Data Routers project, a Euro-
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pean Commission funded initiative, demon-
strated that CGR can contribute to efficient
data dissemination. Finally, for the sake of
completeness, NASA’s experience with the ION
implementation on the International Space Sta-
tion (ISS) is described. While this topology was
too simple to evaluate the effectiveness of CGR
in a large network, the obtained results high-
lighted important benefits obtained by the
application of the DTN paradigm, as listed in
detail below.

THE DEEP IMPACT NETWORK EXPERIMENT

The Deep Impact Network (DINET) project was
an experimental validation of “ION” (Interplan-
etary Overlay Network), JPL’s implementation
of the DTN protocols. The ION software, includ-
ing the first implementation of Contact Graph
Routing, was uploaded to the backup flight com-
puter of the EPOXI (formerly Deep Impact)
spacecraft on 18 October 2008, and was operated
continuously from that date until 13 November 2008.

EPOXI was at that time in an inactive cruise
period while en route to encounter comet Hart-
ley 2 (in November 2010). The one-way signal
propagation time from EPOXI to Earth was ini-
tially 81 seconds, dropping to 49 seconds by the
end of the four-week exercise. The spacecraft
was between 9.1 million and 15.1 million miles
from Earth during the experiment.

Uploading the ION software to EPOXI
enabled the spacecraft to function as a DTN
router in an 11-node network (Fig. 1).

The spacecraft was assigned node number 7
for this exercise and was the only node of the
network that was not physically resident at the
Jet Propulsion Laboratory (Pasadena, Califor-
nia). Nodes 2, 4, 8, and 16 played the role of
“Earth” in the experiment; nodes 3, 6, and 12
functioned as a notional “Mars”; nodes 5, 10,
and 20 impersonated “Phobos.” The Mars and
Phobos nodes simulated the acquisition of
images and the transmission of those images
back to Earth via the EPOXI spacecraft, which
acted as a relay router in space. Each dashed
line in the topology diagram represents a
sequence of DTN network contacts; the solid
blue lines indicate the out-of-band local area
network used to instrument the experiment.
Note that the topology of the DINET network
included cross-links between nodes 6 and 10
(Mars and Phobos), providing alternative paths
for data to and from nodes 12 and 20; that is,
the DINET network was not a simple tree, so
the CGR route selection decisions made at
nodes 6 and 10 were non-trivial.

Over the course of the four weeks of flight
testing, the DTN software reliably conveyed
292 images (about 14.5 MB) through the net-
work, together with command traffic from the
Earth nodes to the Mars and Phobos nodes. No
data were lost or corrupted anywhere in the
network, and ground station handovers and
transient failures in the Deep Space Network
uplink service were handled automatically and
invisibly. CGR generally performed well, but
several bugs in the initial ION implementation
resulted in some under-utilization of network
capacity. Those bugs were addressed in later
versions of ION.

DTE1

/ DTE2
S——

/

MOC \ Spacecraft
GT1 /
Relay
/ satellite
GT2

Figure 2. Topology of the JAXA DRTS space experiments.

JAXA DRTS TESTING

For the purpose of studying the feasibility of
autonomous routing and high-integrity data for-
warding in existing and future anticipated space
network architectures, JAXA jointly performed
a series of experimental tests with NASA in
2012-2013 to evaluate the DTN architecture and
CGR [11].

JAXA'’s GEO relay satellite “Data Relay Test
Satellite (DRTS)” and its tracking stations were
used in this measurement campaign. The data
relay space link is referred to as the “inter-satel-
lite link” in the following discussion. In the tests,
ION was used on all nodes to evaluate the per-
formance of BP, LTP, and CGR. Several net-
work topologies were investigated, including
direct connectivity between a LEO spacecraft
and a ground network and relayed communica-
tions between a remote planetary surface and
earth’s surface connected via a relay spacecraft.

The topology considered here, by contrast, is
typical of an earth observation mission. It con-
sists of the following seven DTN nodes shown in
Fig. 2: one mission operation center (MOC);
one LEO spacecraft; one GEO satellite acting as
a relay; two ground terminals in between the
GEO satellite and the MOC (GT1 and GT2);
and two direct to earth ground stations (DTE1
and DTE2) in between the LEO and the MOC.
Data generated on board the LEO satellite can
reach the MOC either passing through the GEO
relay (and then either via GT1 or GT2) or via
DTEL1 or DTE2. The task of CGR is to dynami-
cally find the best route, taking into account link
intermittency.

The test conditions included the actual signal
propagation and processing delay over the
DRTS’s inter-satellite link and link intermitten-
cy, either scheduled (e.g. due to orbital mechan-
ics) or random (e.g. due to space link failures).
Contact plans were developed based on the
actual resource allocation plan for the inter-
satellite link. The obtained results are presented
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Figure 3. An example of data transfer from a LEO spacecraft and the
MOC, via alternative routes dynamically selected by CGR on the basis of
the contact plan. All data are routed in accord with contact information,

as expected.

in Fig. 3, which shows that all data were auto-
matically transferred to the MOC via four routes,
selected by CGR conforming to the contact plan,
as expected. These results attest to the feasibility
of using DTN with CGR for autonomous rout-
ing and reliable data forwarding in real space-
craft operations.

SPACE DATA ROUTERS

The applicability of CGR in the ground seg-
ments of space missions was evaluated in “Space-
Data Routers” (www.spacedatarouters.eu), a
European FP7 project that exploited the DTN
architecture to improve the dissemination of
space mission data with respect to volume, time-
liness, and continuity. More details on that pro-
ject can be found in [12].

The vision of Space-Data Routers (Figure 4)
is to forward data from space missions upon
reception, whenever possible, directly to the
interested parties (e.g. scientists, research insti-
tutes, etc.), utilizing a DTN overlay and applying
CGR for routing decisions. T