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diffusion of current broadband services. Then, to address these
bottlenecks, this document produces regulatory recommendations,
identifies competitive advantages derived from RIFE technologies,
and proposes new VNCs and operator models. Finally, VNCs and
models are validated through the RIFE socio-economic KPIs.
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EXECUTIVE SUMMARY
This document validates the ability of RIFE technologies and value network configurations
(VNCs) to accelerate the diffusion of broadband services in emerging markets and into rural
areas. The validation starts identifying the main bottlenecks slowing down the diffusion of
broadband services. Then, to address these bottlenecks, this document produces regulatory
recommendations, identifies competitive advantages derived from RIFE technologies, and
proposes new VNCs and operator models. Finally, these VNCs and models are validated through
the RIFE socio-economic KPIs.
The diffusion of broadband services is found to decelerate with decreasing population density
due to the loss in economies of urbanization and localization. Nevertheless, community
commitment and government subsidies typically increase with decreasing population density
thus enabling the emergence of alternative operators in areas lacking investment by nationwide
operators.
Based on previous findings, we recommend regulatory authorities to reduce market
concentration in highly populated areas thus attracting further investment via competition.
Regarding less populated areas, we recommend that regulators allocate the new higher 5G
frequency bands (3.5 GHz and up) partly through local light licensing, introduce infrastructuresharing obligations to local monopolies on fibre access, and incentivise investment via subsidies.
RIFE technologies can optimize the utilization of terrestrial fronthaul as well as satellite backhaul
capacities; these can also enable the deployment of services on the network edge; and allow the
coexistence of ICN and IP systems. Based on these technical advantages, operators equipped
with RIFE technologies on single network basis can potentially reduce transit costs, increase
network efficiency, ensure QoS for local services, and enable slicing into ICN and IP networks.
The proposed VNCs and operator models include a new satellite operator model that vertically
integrates terrestrial access and satellite-based transit provision. This model enables the full
coordination between edge services and backhaul utilization, satisfying demanding customers
and attracting new revenues from content providers and advertisers. Alternatively, we also
propose a new terrestrial operator model that expands its current access network adopting an
open access policy that attracts subsidies from NGOs, local volunteers and local governments.
In this case, the deployment of local services enables the provision of community-generated
content.
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1 INTRODUCTION
It is often claimed that Internet is part of our daily life, but the reality is that in 2016 there were
only around 3 billion Internet users in the world, out of a population of over 7 billion people.
The reasons behind this lack of usage cannot be attributed to a single factor but to a combination
of multiple technological, economic and social factors. To ensure that the RIFE architecture and
associated technologies address as many of these factors as possible, this socio-economic
validation adopts a holistic approach addressing not only network technologies but also
regulation, operator models, and consumer socio-economics. To this end, this validation first
studies the bottlenecks slowing down the diffusion of broadband services, second it identifies
potential RIFE competitive advantages by evaluating RIFE technologies and alternative operator
models, and finally it proposes and validates two Value Network Configurations (VNCs)
accelerating broadband service diffusion.
The diffusion of broadband services is studied for emerging markets and rural areas. Regarding
emerging markets, this document compares the bottlenecks of broadband diffusion (a subset of
the determinants of broadband diffusion) at the country-level including emerging and advanced
markets. With regard to rural areas, the document studies the influence of population density
on the determinants of broadband diffusion with focus on those areas with lower density which
are commercially underserved. Since diffusion in emerging markets and rural areas is highly
conditioned by the existing national regulatory framework, regulatory recommendations are
subsequently produced.
This document identifies potential RIFE competitive advantages, evaluating RIFE technologies
and studying alternative operator models. Concerning RIFE technologies, the evaluation
addresses the feasibility of IP-over-ICN routing system and the benefits of the PiCasso platform
as fronthaul solutions. In addition, two satellite systems are assessed for the backhaul including
the backhaul multicast and the service categorization mechanism. Furthermore, operational
benefits are presented based on the field trial experiments. Alternative operator models are
studied including alternative networks and community operators as well as their market
opportunities taking advantage of the unlicensed spectrum in countries with spectrum scarcity
such as India.
Finally, the document proposes two VNCs describing industry architectures in which actors
benefit from potential RIFE competitive advantages. These VNCs update initial versions from
D4.1[SMHB17] by assessing the business model of the actor with a leading position in the VNC.
In addition, the VNCs are validated against current broadband services through the socioeconomic KPIs assessing their ability to reduce costs, allow competition, and attract subsidies.
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2 DIFFUSION OF BROADBAND SERVICES
To ensure that the socio-economic validation evaluates the RIFE architecture and associated
technologies in the right context, this chapter investigates the current bottlenecks slowing down
the diffusion of broadband services in emerging markets and rural areas. Regarding emerging
markets, this document first compares country-level diffusion of mobile services, given that
mobile services have already exceeded the fixed ones, becoming the main vector of diffusion.
With regard to rural areas, this chapter also studies the influence of population density on the
determinants of not only mobile but also fixed services with focus on those commercially
underserved areas.

Bottleneck analysis of broadband diffusion: A cross-country
comparison
Introduction
In OCDE countries, the diffusion of fixed Internet services has been associated with GDP per
capita, and either market competition [Harg99], or access price [KiPo02]. Although in these
studies the literacy level of the population has little statistical significance, empirical research
suggests that additional bottlenecks exist slowing the diffusion of fixed Internet in developing
countries, such as India [Pal07] and Sri Lanka [Ali11]. In contrast, in these same countries, the
penetration of mobile services have already exceeded the fixed services. According to a survey
carried out in 2011, more than 80% of Internet users in Namibia, Uganda, and Ethiopia accessed
the Internet via a mobile phone. For South Africa, Kenya, Nigeria, Tanzania, and Rwanda, the
corresponding number was 70% [GSCG13]. This penetration disparity was observed in advanced
markets as well (e.g. Japan reached 77% mobile, 38.8% fixed in 2003) associated with the
substitution of mobile telephony [Ishi04]. Although much research has focused on the mobile
Internet diffusion in developed countries, little research exists about emerging markets. To
address this issue, we study the following research question:
What are the main bottlenecks to the diffusion of the mobile Internet in emerging markets?
Based on the diffusion literature [GSCG13, Harg99, KiPo02, Pal07], we address the following
hypotheses:
•

Hypothesis 1: User competence level with regard to content is the main mobile Internet
diffusion bottleneck in emerging markets

•

Hypothesis 2: Capacity is the main mobile Internet bottleneck in emerging markets

•

Hypothesis 3: Market concentration is the main mobile Internet diffusion bottleneck in
emerging markets

•

Hypothesis 4: Price is the main mobile Internet diffusion bottleneck in emerging markets

This chapter studies the relative importance of these hypotheses through a linear regression in
which mobile penetration is the dependent variable. Due to limitations on the availability of
network capacity, the study focuses on urban diffusion including the following cities: Helsinki,
Barcelona, London, Taipei, Saint Petersburg, Sofia, Johannesburg, Sao Paolo, San Jose, Bangkok,
Bogota, Nairobi, Lima, Jakarta, Mexico City, Lagos, Dar Es Salaam, Bangalore, Kiev, Tehran, and
Dakha. In more detail, the regression analysis compares global and emerging market samples
including 21 and 17 metropolitan areas, respectively. Based on the regression results, we
propose a new system dynamics diagram to describe the mobile Internet diffusion in emerging
markets.
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Data
This section presents the data sources that were selected to represent the bottleneck
hypotheses. Data is from 2013 and is fully detailed in ANNEXE 1 – BOTTLENECK ANALYSIS DATA.
Content Availability
The content availability variable estimates the amount of content accessible by consumers. The
total supply of content is estimated, on the one hand, by the number of Wikipedia articles in the
most popular official language (proxy for user-generated content[00a] and, on the other hand,
the number of country code top level domain (ccTLD) in 2013 (proxy for organization-generated
content[00b]). The consumer reading competence is estimated by the national adult literacy
level [Itu14].
Data Price
The data price is approximated by the price of the 500 MB data block devoted to handset devices
in 2013. The minimum price is selected between pre-paid and post-paid options because the
model assumes that the emerging market consumer is price sensitive. Mobile broadband data
prices are extracted from the ITU Report Measuring the Information Society 2014 [Itu14]. All
prices in the model are normalized to GNI p.c. thus providing insight into the affordability of
services from a demand-side perspective for each country. Complementarily, the model includes
the Herfindahl-Hirschman Index1 as the estimated market concentration level. In 2013, all
countries included in the analysis had liberalized mobile markets allowing competition among
mobile network operators (MNO) as well as Mobile Virtual Network Operators (MVNO).
Mobile Internet Capacity
The mobile Internet capacity is approximated by the mean value of TCP download goodput
performed by the Netradar mobile application [SoMS13]. These measurements are performed
by anonymous users in a crowd-sourced approach. This approach ensures that the data reflects
the actual capacities received by users and thus is in line with the overall user-centric approach.
We note that Netradar TCP upload goodput and latency measures are not taken into account in
the regression analysis due to the high multicollinearity between these measures and TCP
download goodput.
The availability of Netradar data from emerging markets is limited to densely populated areas
and therefore, large and populated metropolitan areas are selected for the regression. All
Netradar measurements were performed during 2013-2015. The disparate number of
measurements across cities is the result of different adoption levels of Netradar application
between cities. However, the network measurement procedure is the same regardless of the
location, thus ensuring comparability. Measurements span many operators in each city thus
providing an advantage over studies with single operator-centric data collection.

1

HHI is calculated as the sum of the squared market shares (information is extracted from annual
reports of operators and regulators) in terms of the number of subscriptions of each MNO, MVNOs are
not taken into account. Bound values are 0 which indicates perfect competition and 1 which indicates
monopoly.
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Mobile Internet Subscriptions
The number of mobile Internet subscriptions is estimated from annual reports of operators and
regulators in the year 2013. For simplicity, the penetration of mobile Internet subscriptions over
the total country population is calculated and labeled as mobile Internet penetration (MIP).
Linear regression model
In technology diffusion research, two main models are used to explain the adoption process of
new technologies over time as an S-curve. While the epidemic model assumes that the adoption
depends on the availability of information, the probit model considers the agent goals and
abilities as the decisive factors of adoption. We propose a linear regression model in which the
MIP depends on market variables at the consumer level.
According to microeconomic theory, the initial purchase decision to acquire a mobile Internet
subscription is made by a single, rational individual that maximizes consumer surplus S. In more
detail, choice of a consumer i with respect to a product x is determined by the utility Ui and the
price P as follows [CoWe03]:
𝑀𝑎𝑥 (𝑆𝑖 ) = 𝑀𝑎𝑥( 𝑈𝑖 (𝑥) − 𝑃(𝑥) )
To guarantee that the three bottleneck hypotheses are taken into account, consumers assess
product x as the bundle comprising mobile network capacity and available content. We note
that content availability was a major bottleneck to the fixed Internet diffusion. Moreover, the
consumer access cost over a period of time depends on the consumed content type. Hence, we
estimate the MIP as the aggregated demand for the mentioned bundle, through the following
linear regression models:
𝑀𝐼𝑃 = 𝑎1 𝐺𝐷𝑃 + 𝑎2 𝐻𝐻𝐼 + 𝑎3 𝑆𝑝𝑒𝑒𝑑𝐷𝑜𝑤𝑛𝑙𝑜𝑎𝑑 + 𝑎4 𝑃𝑟𝑖𝑐𝑒 + 𝑎5 𝐿𝑖𝑡𝑒𝑟𝑎𝑐𝑦𝐿𝑒𝑣𝑒𝑙
+ 𝑎6 𝐴𝑟𝑡𝑖𝑐𝑙𝑒𝑠𝑊𝑖𝑘𝑖𝑝𝑒𝑑𝑖𝑎 + 𝑎7 𝑐𝑐𝑇𝐿𝐷
Linear regression results
The linear regression analysis evaluates the relationship between the mobile Internet
penetration (MIP) and the model variables with a direct relationship to the consumer choice.
The analysis is performed twice, firstly using a global market sample that includes 21
metropolitan areas (4 from advances markets with MIP greater than 60%, and 17 from emerging
mobile markets). Secondly using an emerging market sample that includes only the 17 emerging
market metropolitan areas (thus is a subset of the global market sample). As a reminder from
the previous section, the regression analysis assumes that changes in the MIP mainly occur in
populated metropolitan areas. Linear regression tests are discussed in ANNEXE 1 – BOTTLENECK
ANALYSIS DATA.
Global Market Sample
Table 1 shows that the GDP and the market concentration (labelled as HHI) have the highest and
third highest effect size2 respectively. More importantly, the analysis shows that mobile Internet
capacity (labelled as capacity) is significant and has a high effect size even though its crosscorrelation with GDP high, as seen in Table 2. Finally, the effect size of ccTLD, Wikipedia articles
and adult literacy rate is relatively small.
2

The effect size, also known as standardized regression coefficient, describes the independent variable
effect in terms of standard deviations instead of variable units.
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Table 1. Linear regression for the global market sample

Table 2. Cross-correlation table for the global market sample

Comparison with the Emerging Market Sample
When data from advanced markets is removed from the sample, the effect size of GDP is
reduced as shown in Table 3. Furthermore, although the statistical significance and effect size
of mobile capacity is reduced, this still remains explanatory power. Interestingly, the effect size
of HHI has increased revealing a high explanatory power in emerging markets beyond the wellknown GPD.
Table 3. Linear regression for emerging market sample
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Table 4. Cross-correlation for emerging market sample

Cross-country bottleneck comparison
In this section, the validity of the three initial bottleneck hypotheses plus the market
competition (as a result of market concentration) is discussed based on the regression analysis
results.
User Competence Bottleneck
Given the low explanatory power of the adult literacy rate, the ccTDL number, and Wikipedia
articles in the most popular official language, the analysis concludes that user competence is not
a major bottleneck to the mobile Internet diffusion in emerging markets. The analysis of
individual countries supports this observation. For example, urban areas with a large supply of
content, such as Lima (in Spanish) and Nairobi (in English), do not necessarily develop faster than
those with less available content such as Bangkok (in Thai). It can be speculated that i) the advent
of the multimedia Internet might lower literacy requirements and ii) that the user-generated
content is a content supply large enough to satisfy consumer utility. As a result, content
availability is removed from the new diffusion model.

Capacity Bottleneck
Mobile Internet capacity has a high size effect in both samples. Although this loses statistical
significance in the emerging market sample (likely due to multicollinearity in the small sample),
its effect size remains higher than GDP. Therefore, the analysis suggests that mobile Internet
capacity is a major bottleneck to mobile Internet diffusion. For reference, the linear relationship
predicted by the regression model (included predicted residuals) for the Global market sample
is illustrated in Figure 1. Regarding the diffusion model, the regression suggests that mobile
capacity has a strong role in the satisfaction of consumer utility.
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Figure 1. Mobile penetration vs download speed (global model prediction)[BeFH16]

Price Bottleneck
According to [Itu14], mobile prices declined in the period 2008-2013 with a Compound Annual
Growth Rate (CAGR) of -5.7% globally. The decrease in prices has affected developed and
developing countries alike, with -4.3 and -6.4% CAGR, respectively. In both samples, the majority
of countries present a market price value below the 5% of GNI p.c. which is the affordability limit
defined by the UN broadband commission, as shown in Figure 2.
Given the low effect size of the price in the linear regression model, the price bottleneck is
analyzed on an individual country basis in relation to mobile capacity. Figure 2 shows how the
individual consumer surplus associated with the mobile Internet capacity is maximized when
mobile capacity is also maximized (Y-axis) and the price is minimized (X-axis).
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Figure 2. Mobile capacity vs data price [BeFH16]

The analysis of Figure 2 suggests that although the price is a mobile Internet diffusion bottleneck
in some cities, this phenomenon cannot be as widely generalized as mobile capacity or HHI.
These cities case might be explained by the low country GNI p.c. (for example in Tanzania,
Bangladesh, Kenya, and Nigeria). Regarding the diffusion model, this result implies that the link
connecting data price and consumer surplus might not be as strong as those of mobile capacity
and HHI.
Competition Bottleneck
Regression analysis results show a statistically significant large size effect between HHI and MIP
in both the global (as shown in Figure 3) and in the emergent market samples. As a result, the
analysis suggests that market competition (as a result of market concentration) is a major mobile
Internet diffusion bottleneck.
Although this result does not contradict the proposed diffusion model, the regression result
implies that the effect of market concentration on MIP does not only flow via the data price.
Therefore, we can speculate that the higher the market competition, the larger the operator
effort to reach new customers without this effort necessarily implying a data price reduction.
Operators might maintain revenues via more expensive subscriptions while new customers are
attracted to the most affordable subscriptions. As a result, the new diffusion market model
incorporates new reinforcing loops starting at the market concentration variable.
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Figure 3. Mobile penetration vs HHI (global model prediction) [BeFH16]

System dynamics model for broadband diffusion
The diffusion of mobile Internet services has been modelled through system dynamics in the
past [CaTö12]. In this section, we incorporate the findings of the linear regression analysis to
Casey’s system dynamics model.
In Figure 4, the aggregated demand satisfaction depends on mobile Internet capacity, data price,
consumer awareness and income per capita. Each contributing variable depends on other
system variables and vice versa according to system loops (represented with the letter R) which
are considered either reinforcing (clock-wise arrow around the R) or counterbalancing (counter
clock-wise arrow) with regard to the number of subscriptions [Ster00].
In Figure 4, the Operator business loop and the Operator scale effect loop are reinforcing loops
because these increase the mobile Internet capacity and, by extension, the number of
subscriptions. The latter accounts for the cross-side network effect between the network
operator and the network equipment manufacturer. In addition to operator related loops, the
system diagram also incorporates the Marketing competition loop, and the word of mouth loop
which increases the availability of information to consumers. In contrast, the Network
congestion loop acts as a counterbalancing loop because as the value increases, subscriptions
tend to decrease. Furthermore, the Price competition loop introduces the price reduction effect
derived from competition statistically observed in liberalized emerging markets in the 20082013 period [Itu14]. Another example is the Limited market space loop implying that if
competition levels are too high, average profits per MNO might decrease and reduce mobile
Internet capacity via congestion.
Backed by results from the linear regression analysis, Figure 4 incorporates the Capacity
competition loop emphasizing that market competition (resulting from market concentration) is
a crucial element in the mobile Internet diffusion. It is worth mentioning that the effect of
competition is not transferred to the consumer via price, most likely because this is already very
low, but through other dimensions such capacity and marketing. Consequently, as seen in
advanced markets, MNOs no longer compete in price but in capacity, marketing and added value
services.
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All system loops are selected as the result of a prioritization process. Other loops such sameside network effect, and fixed-broadband substitution is not considered relevant in the
emerging market case or considered included in existing loops.

Figure 4. Mobile Internet diffusion model for emerging markets [BeFH16]

Results
The results of this study indicate that capacity and market competition are the main bottlenecks
to mobile Internet diffusion. Therefore, we propose HHI as a predictor for mobile Internet
penetration in emerging markets because it incorporates the operator effort to reach and
maintain customers. Such effort is no longer measurable via prices because these are typically
low. Finally, we dismiss the role of user competence with regard to content as a major diffusion
bottleneck since mobile devices are easy to use and the available content is rich enough to
satisfy consumer utility (e.g. user-generated content).
Unlike state-funded fixed Internet development programs such as the e-Sri Lanka [Ali11], mobile
operators have overcome the lack of local content, awareness, and language difficulties,
achieving a consistent penetration growth in developing countries. This observation is
consistent with the user competence bottleneck finding and suggests that market competition
might be more efficient than subsidies fostering mobile Internet diffusion.
However, some diffusion bottlenecks cannot be addressed by competition only. For example, in
Tehran, the price is similar to other emergent markets, but the mobile capacity is significantly
lower most likely due to economic sanctions. In contrast, the mobile capacity in Dar Es Salaam
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is similar to other emergent markets, but the main bottleneck is the price due to low GNI p.c. In
the latter case, business model innovations might be required to introduce subsidies from
governments or content providers (e.g. Free Basics from Facebook, M-cent from Jana).

The role of population density in the local diffusion of broadband
Introduction
The diffusion of broadband services requires investment by operators and service adoption by
users. In the diffusion literature, it is generally accepted that while adoption depends on
socioeconomic characteristics of the population, operator investment is determined by
urban/rural location, market size, and competition [GlSt10] [Lyon14]. Although diffusion studies
have traditionally considered population density, its continuous nature has been
underestimated using rough discrete proxies, such as urban/rural location. This practice hides
the gradual influence of decreasing population density on diffusion determinants, such as the
education level and the access network cost [Oecd10] [SHRK07]. For example, this influence can
explain the deployment of infrastructure by nationwide operators which starts from highly
populated and continues towards less populated areas. To study this influence, this section
adopts a model from the urbanization literature in which population density exponentially
decreases from city centres outwards to rural areas [Clar51] [Barr72]. According to this model,
the determinants of broadband diffusion are influenced by concentric circles of decreasing
population density. To formalize this influence, we define that a diffusion determinant follows a
concentric pattern with population density solely when the determinant and the population
density share a centre point, from which the determinant consistently increases or decreases
with decreasing population density. Based on this definition, this section proposes and validates
the framework of concentric patterns in which a concentric pattern is defined for each diffusion
determinant.
Regulatory authorities aim to accelerate the diffusion of broadband services into commercially
underserved areas since these services are expected to facilitate rural development and
economic growth [Kout09][KaRe10]. While some OECD regulators have adopted universal
service obligations for broadband, others have rejected their adoption since these might
strengthen the position of dominant operators to the detriment of regional and community
operators [Calv12]. Indeed, in some countries, community operators provide superior and more
affordable local services than incumbents [BeFr16]. Hence, it is desirable to clarify the reasons
for the emergence of community operators and their role in future deployments.
Summarizing, the objective of this section is to reveal both the influence of population density
and regulation on the diffusion of broadband services. It also aims to support the design of
policies accelerating the diffusion of broadband into commercially underserved areas. To this
end, the framework of concentric patterns and the effect of well-established policies are
validated through a qualitatively multi-country desk study, and quantitatively for Finland. This
Nordic country is a relevant study case, given the high broadband penetration achieved, despite
being the most sparsely populated country in the EU. For this purpose, socio-economic data
from 3036 postal codes is geospatially matched against an extensive data set of mobile and fixed
network measurements covering the period of 2013-2016. Furthermore, municipal population
densities and electoral participation rates are also studied to identify the causes for community
operator emergence [BTHA18].
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Background
Models for the distribution of the population
In urbanization literature, it is generally accepted that the population typically decreases
exponentially with radial distance from the city centre [Clar51]. The causes for this population
distribution have been extensively studied as a spatial equilibrium problem including land rents,
wages, and transport costs [Barr72]. Additionally, this population distribution has been
associated with economies of localization and urbanization arising from the concentration of
same-industry firms and population, respectively [GoGr84]. These economies facilitate service
specialization, knowledge spillovers, resource search, and innovation. For this reason, the
productivity of cities increases with population size [AFKL14] [AFKL14]. However, over the last
century, cities in developed nations have undergone a decentralization process driven by risen
incomes, declining transport costs, and renewal of housing. As a result, the city population does
not necessarily follow a monocentric distribution model, but a polycentric one where economic
activities tend to cluster in several interacting sub-centres of activity. Nevertheless, each subcentre creates population densities and land value patterns in a monocentric manner [KlMu01].
Regulatory policies for broadband diffusion
Regulatory policies typically adopt an interventionist or a market-driven strategy, or a
combination of both. Interventionist regulatory policies typically use public funds to subsidy and
develop infrastructure. For example, the Swedish government funded the construction of a new
nationwide optical backbone and several operator-neutral regional networks; it also subsidized
last-mile connections. In contrast, market-driven regulatory policies do not allocate public funds
to infrastructure but foster competition. For instance, in Finland, loosely defined
recommendations were issued with emphasis on technological neutrality and local competition.
The comparative study of broadband diffusion in these two countries revealed a temporarily
higher price and a slower rollout in Finland [EsFH08]. Interventionist policies might subsidize
operator investment in non-profitable areas through universal service obligations [AlRB10]. In
contrast, market-driven strategists claim that these obligations distort competition even when
beneficiaries are designated through competitive tenders. More precisely, these obligations
distort competition because cost calculations do not account for intangibles such as brand
recognition and network effects [Calv12]. Independently of the adopted regulatory policy,
empirical evidence suggests that infrastructure-based competition between different services
(also known as inter-platform competition) has a positive impact on operator investment as
shown for the case of ADSL and cable networks in Europe [DaGr14], and in OECD countries
[BoDV10]. The same studies suggest that this type of competition has a more significant impact
on investment than same-service infrastructure-based competition (also known as intraplatform competition).
Community operators
According to infrastructure development studies, a bottom-up infrastructure can emerge when
individuals prefer to rely on their capabilities rather than on the government. In addition, the
management of this infrastructure is decentralised and supported by informal institutions
providing trust, low cognitive distance, and easy communication. Examples of bottom-up
infrastructure are the wind energy infrastructure in Denmark, the waste paper collection in the
Netherlands [EgMe12]. In this section, we understand community operators as bottom-up
telecommunication infrastructure. Historically, community operators have played a relevant
role developing telecommunication markets in Argentina, Bolivia, Poland and Finland. For
example, in Finland, consumer cooperatives constructed the first telephone network which later
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became the basis for current nationwide operators [Finn00]. This study cites two types of
recently emerged community operators including the European wireless community networks
and the Finnish fibre consumer cooperatives. The European wireless community networks
emerged during the early 2000’s enabled by the decentralized architecture of Wi-Fi technologies
[LeMc03] [GuHa08]. More precisely, these have provided broadband services through tailored
low-cost solutions including Wi-Fi mesh access networks, and long-distance Wi-Fi distribution
links [SASB17]. In some cases, community networks have collectively developed legally-binding
agreements regulating the participation of individuals. For example, Guifi.net developed the
Network Commons License with the objective to maintain the community and the infrastructure
open to new members and technologies, respectively [BRFN15]. Examples of community
networks with more than ten thousand users are FreiFunk (Germany), WLAN Slovenija
(Slovenia), Tetaneutral.net (France), AWMN (Greece), and Guifi.net (Spain) [MKKN17] [Fuch17].
In contrast, Finnish fibre consumer cooperatives have adopted more traditional management
structures, given the more rigid deployment requirements of fibre compared to Wi-Fi
technologies. Examples of fibre consumer cooperatives are Optowest, EmsaloNet, KairanKiutu,
Utakuiti, Siikaverkko, Kymijoki Village, Rautavaaran tietoverkko-osuuskunta.
Method: The framework of concentric patterns
Definition of the framework
We propose the framework of concentric patterns to formalize the influence of population
density on the diffusion of broadband services. On the one hand, we carefully selected from the
diffusion literature determinants controlling the supply and demand of broadband services
[Lyon14] [GlSt10]. On the other hand, we adopted an exponential distribution model for
population density from the urbanization literature [Clar51] [Barr72]. As a result, the framework
assumes that the population density exponentially decreases from city centres outwards to rural
areas, as shown in Figure 5A. Therefore, the population is distributed in concentric circles of
decreasing population density, as shown in Figure 5B. In addition, we define that a diffusion
determinant follows a concentric pattern solely when the determinant and the population
density share a centre point, from which the determinant consistently increases or decreases
with decreasing population density. We define the association to be positive when the
determinant and population density increase or decrease simultaneously, and to be negative in
the alternative case, as shown in Figure 5C. In any other circumstances, we consider the

association non-concentric. Finally, the framework of concentric patterns is presented in Table
5.
Figure 5A.
Population density decrease with
radial distance

Figure 5B.
Concentric circles of decreasing population
density

Figure 5. Definition of the concentric pattern association [BTHA18]
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Table 5. The framework of concentric patterns

Broadband
demand

Diffusion determinants

Broadband
supply

Access network cost per user

✓

Spectrum usage

✓

State subsidy

✓

Community commitment

✓

Service penetration

✓

✓

Service quality

✓

✓

Association with
population density

✓

Competition
Education and digital literacy

✓

Income

✓

Subsidy from for-profits

✓

Concentric and
positive (+)

Concentric and
negative
(-)

Usage of the framework
For each diffusion determinant in the framework, (1a) we validate the existence of the
concentric pattern, (1b) we assess the strength of this pattern, (2) we identify regulatory policies
that mitigate the pattern, and (3) we compare the behaviour of community and nationwide
operator models.
Regarding the strength of the concentric pattern (1b), we define this as the intensity of the
influence executed on a diffusion determinant by population density. Furthermore, this intensity
might differ depending on the broadband service. For example, service penetration might
present a weaker association with population density when the diffusing service is mobile
compared to fixed. Therefore, the strength of the pattern is assessed (action 1b) according to
the four categories shown in Table 6. Note that the quantitative assessment employs median
values as indicated in brackets.
Table 6. Assessment of the concentric pattern strength

Concentric pattern strength
(access technology)

(Quantitative) assessment

weak

Weaker than standard strength.

standard (e.g. mobile)

(Median) values consistently increase or decrease with
population density.

strong

Stronger than standard strength.

non-concentric

(Median) values do not consistently increase or decrease with
population density

The three actions are conducted through a qualitative multi-country desk study and quantitative
for Finland. The multi-country desk study reviews literature that is specific to each diffusion
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determinant including publications from OCDE/UE countries. The study of Finland not only
reviews literature but also conducts five data analyses in which diffusion determinants are
compared across geographical areas. An overview of the data analyses and their respective data
sets is shown in Table 7. These are explained in more detail in the next subsection.
Table 7. Data analyses in the study of Finland

Data analyses
Number of
operators

Network
measurements

✓

✓

✓

Postal code
socioeconomics

✓

✓

✓

Data sets

LTE diffusion

Service
quality

Socioeconomic
status

Community
commitment

✓

✓

Municipal
elections

✓

Fibre
consumer
cooperative

✓

Time span

04/2013 04/2016

2015

2015

2013, 2014

2012, 2017

Data
Datasets
The study employed four data sets covering socio-economic status, network measurements,
fibre community operators, and municipal elections. Finnish demographic data was extracted
from the open Paavo repository produced by Statistics Finland [Offi17a]. This repository
presents statistics at the postal code level including the 3036 postal codes of mainland Finland.
While population density data is from the year 2014, household income and education data
refer to 2013. The municipal election data set was also produced by Statistics Finland and covers
the 2012 and 2017 municipal elections [Offi18]. Network measurements covering a 3-year
period between 04/2013 and 04/2016 were extracted from the Netradar repository [Aalt16].
These measurements were crowdsourced through the Netradar mobile application developed
by the COMNET department at Aalto University. Sample selection effects derived from the
crowdsourcing were alleviated via random sampling per unique installation. Furthermore,
distortion introduced by base stations covering transport infrastructure (instead of the
population) was minimized by discarding measurements from devices moving faster than 3 m/s.
Finally, disturbances from the diffusion of the Netradar application itself are minimal since the
Netradar repository counted with a substantial number of measurements across more than
2000 postal codes already in 04/2013. Information on the fibre consumer cooperatives was
extracted from public web pages of operators and from the list of projects granted with state
aid by the Finnish regulator [Fico13]. Finally, spatial data processing including the postal code
aggregation was performed using the GeoTrellis geospatial open-source library for Scala.
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Data analyses
The study conducted five data analyses covering the diffusion of LTE, service quality, number of
operators, socio-economic status, and community commitment. In the analysis of the LTE
diffusion, a total of 1.198.989 measurements were included covering 2.628 postal codes out of
the total 3.036. These codes were aggregated in four-month intervals covering the 04/2013 04/2016 period. The aggregation process assumed that LTE was measured for the first time in a
postal code only when a second LTE measurement existed within a week time. In the analysis of
service qualities and number of operators, a total of 3.231.440 measurements were used from
the year 2015 covering 2997 postal codes. Postal codes were aggregated according to the
following population density intervals 0, 1, 10, 10^2, 10^3, 10^4 in inhabitants per square km.
The number of postal codes per each cluster were 246, 374, 726, 1358, and 253, respectively. In
the analysis of the percentage of participation in municipal elections, municipalities were
clustered according to population density following intervals 0, 10, 100, and 1000. The number
of municipalities in each interval is 141, 131, and 22. Finally, the Figures 3, 4, 5, and 6 present
population density on a logarithmic scale, given its skewed distribution with a predominance of
low populated postal codes.
Results
Multi-country desk study
The multi-country desk study reviews literature that is specific to each diffusion determinant
including publications from OCDE/UE countries. The study includes the following actions: (1) we
validate the existence of the concentric pattern, (2) we identify regulatory policies that mitigate
this pattern, and (3) we compare the behaviour of community and nationwide operator models.
Access network cost per user
(1) The cost of an access network depends on the number of traffic aggregation points (e.g.
exchange points, base stations), their deployment cost, their equipment cost, and the distance
between the access network and backbone infrastructure. The deployment cost of aggregation
points typically increases with decreasing population density due to the lack of support
infrastructure (e.g. duct systems, communication towers). Regarding the equipment cost, this
might slightly decrease with population density decay due to a reduction in the aggregated
traffic volume (switching equipment). However, this decrease is usually moderate since costly
transmission equipment is required in low populated areas to provide long-distance links.
Hence, the total cost of an aggregation point including equipment and deployment typically
increases with decreasing population density. Concerning the number of aggregating points,
their density might decrease with decreasing population density if their individual coverage is
expanded (e.g. through DSL loop extenders, macro-cells). However, when aggregation points
reach their maximum coverage and the population density keep decreasing, each aggregation
point is able to serve less users. As a result, the total cost of an aggregation point is shared
among less users thus increasing the cost per user [SHRK07]. Finally, the distance between the
access network and backbone infrastructure typically increases with decreasing population
density due to the absence of communication infrastructure (e.g. road and rail networks)
[DuBa16]. Hence, we conclude that access network cost per user is concentric and negatively
associated with population density. If we compare the cost of wireless and fixed access
networks, the former are typically lower since spectrum is reused among users and smaller duct
systems are required. As a result, the association strength with population density is weak for
mobile services and strong for fixed services.
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(2) In this context, regulatory policies might incentivize investment in low populated areas
allowing joint ventures, mergers, and infrastructure sharing. Regarding infrastructure sharing,
community operators in France reported contractual difficulties accessing publicly funded
backbone networks, the concession of which, was given to the incumbent [FiTr15]. More
importantly, community networks such as Guifi.net (already) enforce infrastructure sharing
among their members (e.g. micro-operators) through a financial compensation framework
[BRFN15].
(3) Nationwide operators typically benefit from scale benefits, given the nature of their
countrywide deployment (e.g. equipment volume discounts, access to Internet exchange
points). As a result, these operators can afford scalable technology and serve high traffic
volumes in a cost-efficiently manner. In contrast, community operators can deploy low-cost
tailored solutions (e.g. employing affordable off-the-shelf equipment, unlicensed bands, and
open-source protocol implementations), reduce deployment costs via volunteer labour and
municipal support (e.g. to use strategic sites/conducts), and might share transit costs with other
micro-operators [GuHa08] [FrPK11].
Spectrum usage
(1) Although spectrum measurements have been conducted globally, usage analyses are usually
limited to cities [PaPS11]. Measurements comparing urban and rural areas are typically limited
to few bands that are specific to the service under study. Although these studies report
correlation in usage patterns such as time of the day patterns, spectrum usage levels are
typically lower in rural areas [SDQM12]. In addition to spectrum measurements, coverage maps
show how holders of nationwide licenses do not provide services in low populated areas.
Regarding the usage of the unlicensed spectrum, usage increase has been reported in cities as
households acquire access points [FiTr15]. Consequently, we consider spectrum usage
concentric and positively associated with population density.
(2) Wireless operators usually invest in infrastructure when additional spectrum is made
available [LeMc03]. Regulatory authorities can allocate new frequencies to broadband and
establish sharing or trading mechanisms. However, coverage obligations are typically required
to ensure the coverage of low populated areas.
(3) Nationwide operators usually operate in licensed bands through coordinated medium access
technologies. In contrast, community operators (already) share the unlicensed bands (e.g.
2.4GHz, 5GHz) and suffer from capacity constraints in highly populated areas.
Service penetration
(1) Broadband services typically present higher penetration rates in urban areas compared to
rural areas. This difference in penetration rates is explained by the earlier coverage of urban
areas. For example, DSL coverage in the EU27 countries by the end of 2008 was only available
to 77% of the rural population compared to the 92% national average. As a result, urban and
rural penetrations reached an 18% and a 12.3% rate, respectively. The difference in penetrations
rates has been even larger in the case of mobile. In the EU27 countries by the end of 2008, 3G
coverage was available to 74% of the total population and 38% of the land. Although 3G
penetration reached a 12.4% of the total population, users mainly lived in cities and dense
suburban areas [Ec10]. Hence, we assume service penetration to be concentric and positively
associated with population density. Mobile services have globally exceeded the penetration
rates of fixed services. This difference can be explained by the unique features of mobile such
as the user equipment mobility and the flexible pricing. User equipment mobility fosters
infrastructure-based competition thus extending coverage towards low populated areas with
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seasonal demand. Furthermore, mobile services can penetrate through low-income areas given
its flexible pricing structure including pre-paid subscriptions. Given the larger penetration of
mobile services compared to fixed services, we consider the association strength between
service penetration and population density to be weak for mobile and strong for fixed.
(3) Services of community operators have reached both rural and urban areas alike including
Athens, Berlin, Barcelona, but also in rural areas of Spain [BRFN15].
State subsidy
(1) National broadband plans typically define subsidies for the development of infrastructure in
commercially underserved areas. For instance, EU regulation classifies areas as white (no
providers), grey (1 provider), or black (2+ providers) to prioritize state aid allocation [Oecd11].
Given that we assessed service penetration to be concentric and negatively associated with
population density, we assess state subsidy to be associated in the opposite manner.
(2) State subsidies are typically assigned to operators in the context of universal service
obligations [AlRB10]. For example, some OECD regulators have rejected their adoption since
these might strengthen the position of dominant operators. In fact, OECD countries can be
classified into three groups according to their particular adoption of these obligations. A first
group included broadband to the list of universal service obligations (e.g. US, Israel, Malta, Spain,
and Finland). A second group developed universal service policies aiming for “availability for all”
(e.g. Korea, Japan, UK, and Australia). Finally, the third group did not develop any policy in this
regard (e.g. Denmark, Norway, Germany, Netherlands, and Ireland.) [Calv12].
(3) State subsidies might be available to community operators depending on the assignment
mechanism. For example, mechanisms that estimate costs via nationwide standards might
conflict with the decentralized management of community operators.
Service quality
(1,2) Official measurements are conducted to assess both the service quality and the degree to
which speeds comply with operator adverts [Oecd14]. Although these measurements include
both rural and urban users, published statistics are typically limited to weighted country-level
averages. Nevertheless, few regulatory agencies individually report annual comparative values.
For example, average fixed broadband speeds in the UK were more than three times faster in
urban than in rural areas in 2016 [Ofco17]. Hence, we assess service quality as concentric and
positively associated with population density.
(3) Service quality differences between nationwide and community operators depend on their
promptness deploying new technologies. For example, wireless community operators have been
able to provide faster broadband services than some DSL incumbents [BeFr16].
Competition
(1) Studies on broadband competition do not provide comparative evidence between urban and
rural areas. Although regional operators recently entered the market in OECD countries,
competition levels are typically higher in cities than in rural areas [BeFr16]. For example, the
number of operators was found to statistically decrease with population density decay in US
counties [DuBa16]. Therefore, we conclude that competition is concentric and positively
associated with population density.
(2) Regulatory policies preventing anticompetitive conduct by dominant operators include
infrastructure sharing obligations over essential facilities, price floors to avoid predatory pricing,
and price caps to limit high prices in areas lacking competition.
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(3) The combination of price caps and coverage obligations (e.g. included in spectrum licenses
for mobile operators, and in universal service obligations for fixed operators) prevent
nationwide operators from pricing low populated areas according to the local cost. For this
reason, mobile operators subsidize rural operations with urban revenues. Similarly, fixed
operators hardly deploy new technology in low populated areas without state subsidies. In
contrast, community operators can price according to local conditions because they are not
obliged to minimum coverage. As a result, community operators can deploy infrastructure
beyond the coverage limits dictated by the profitability ratios of nationwide operators.
Education and digital literacy
(1,2) In general, learning opportunities are typically associated with population density and the
labour market. For example, students in city schools of OECD countries outperform those in rural
areas by 40 score points on average, or the equivalent of one academic year [Oecd10]. In
addition, prospects for better education and jobs typically drive the rural population to urban
areas. Consequently, the rural labour force is considered to have lower levels of educational
attainment and formal skills [Shie05]. The same trend applies to digital literacy which has been
found strongly related to educational attainment [BeFr16]. Regarding tertiary education,
regional OECD and EUROSTAT data is studied by age and sex, but not according to rural and
urban categories [Euro17]. Therefore, we conclude that basic education level (upper secondary
school) is concentric and positively associated with population density.
Income
(1,2) The main determinants of household income are labour market trends, government
redistributive policies, and household age in addition to size. Concerning labour, this is mostly
required in highly populated areas due to the rise of the manufacturing and service sectors as
well as the mechanization of agriculture. For example, between 2000 and 2010, cities in OECD
countries experienced more than 40 percent growth in digital industry employment compared
to rural areas [BeFr16]. Regarding redistributive policies, social program transfers and tax
reductions usually target economically disadvantaged citizens regardless of location. Finally, no
significant differences between rural or urban environments were found in household age and
size [Oecd08]. Although regional data on household income is not aggregated according to rural
and urban in OECD statistics, this is available for UE countries [Oecd17]. In 2012, the fraction of
EU population at risk of poverty or social exclusion was 27.3% in thinly-populated (rural) areas,
22.6% in intermediate density areas, and 24.7% in densely-populated (urban) areas [Euro14].
Indeed, urban empirical studies show that population is not only distributed according to
socioeconomic characteristics, but also to family life-cycle, and ethnic divisions [Murd69]. As a
result, spatial patterns in the form of high-low income neighbourhoods might appear thus
invalidating the assumption that household income and population density are concentric.
Subsidy from for-profits
(1) The access of users to broadband services can be subsidized by for-profit organizations via
free Wi-Fi access, earned mobile data, and mobile data plans with zero-rated applications.
Physical stores usually grant free Wi-Fi access to differentiate from other stores as retail
competition increases with population density. Concerning earned mobile data, for-profits
might grant data to specific user profiles in exchange for actions through third-party applications
(e.g. Gigato, mCent). However, their user profiling is not necessarily associated with population
density. Finally, data plans with zero-rated applications are available to subscribers regardless
of location. In more detail, a recent survey conducted in 8 countries with zero-rating mobile data
plans revealed that only 4% of the respondents used zero-rated applications as their primary
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means of accessing the Internet. Compared to other interviewees, this subgroup was twice as
likely to have little to no primary school [Dhan16]. Therefore, these subsidy type might be
associated with income rather than population density. Summarizing, while subsidies from forprofits via Wi-Fi might be concentric and positively associated with population density, those
related to mobile are non-centric.
(2) From a regulatory point of view, the subsidy of particular applications in detriment of others
(e.g. Internet.org from Facebook) compromises the net neutrality principle that requires all
service provider data to be equally charged.
Community commitment
(1) Since migrant population rates are typically higher in urban compared to rural areas, the
latter might present higher levels of social cohesion. Indeed, rural small businesses are usually
managed according to rural socio-cultural values in which the word of mouth reputation, as well
as primacy of relations with family, friends, and neighbours, play a significant role [Shie05]. In
addition, some community networks reported that support from municipalities such as subsidies
and site concessions tends to decrease with municipality size [BRFN15]. As a result, we consider
community commitment to be concentric and negatively associated with population density.
(3) The long-term sustainability of community operators has been associated with the
community commitment [MKKN17]. At the same time, the commitment of community members
is typically dependant on their reputation which is obtained from technical achievements with
high visibility [FrPK11]. In some cases, member commitment has been ensured through legally
binding agreements thus stimulating participation, investment, and growth [BRFN15].
An empirical study of Finland
The diffusion of broadband services in Finland is a relevant study case since this Nordic country
is the most sparsely populated in the EU. In more detail, the average population density of
Finland is 16 inhabitants per square kilometre, and approximately one-fourth of the total 5.5
million population is concentrated in the Helsinki metropolitan area [Offi17b]. More
importantly, broadband services have successfully diffused in Finland, despite the
disadvantageous geographical conditions. For example, the rural availably of broadband service
was the highest among the EU15 countries in 2007. In addition, the penetration of mobile
services reached a 138% rate in 2014 [PrCM07].
Access network cost per user
In 2015, the Finnish government established a collaborative obligation for network operators in
the communications, electricity, water and transport sectors to share and construct
infrastructure. Furthermore, in 2014 the Finnish regulator approved a joint venture between
Telia and DNA operators to provide 4G coverage in Eastern and Northern Finland. This joint
venture is allowed to own and operate radio infrastructure combining both MNOs’ 4G spectrum
bands [Teli14]. We confirm that the Finnish regulator has incentivized investment in mobile
technologies via joint ventures.
Spectrum usage
In Finland, spectrum has been made abundantly available to operators through nationwide
licenses at relatively low fees. For example, blocks in 2500, 1800, 800 and 700 MHz bands were
already assigned in 2009, 2009, 2010, and 2017, respectively. Regarding auction fees, the
starting price of blocks in the 2500 MHz was 150.000 euros [Fico09], and the total amount raised
added up to the modest sum of 3.8 million euros [Tele10]. The usage of the licensed spectrum
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has been surveyed near the city of Turku in the context of the Global Spectrum Opportunity
Assessment project. Comparison between different population density areas was not publicly
reported by the project. No other spectrum usage studies have been found regarding the
licensed spectrum. Regarding the unlicensed spectrum, the study of the ISM band in the Oulu
municipality revealed that spectrum usage was maximum in the city airport and city centre, this
usage was comparatively lower in two residential locations, and finally this usage was nonexistent in a peripheral rural area [KoLe12]. As a result, we confirm that Finnish regulation of the
licensed spectrum has strongly incentivized investment in mobile technologies.
Service penetration
In general, Figure 6 presents aggregated postal code data in four-month interval according to
the date when LTE was measured for the first time. The vertical bars in Figure 6A indicate the
25th and 75th percentile values, respectively. These bars are not shown in Figure 6B nor Figure
6C due to the significant variance in household income. The number of postal codes per data
point ranges from 150 in 08/2013 to 2201 in 04/2016.
The analysis of the LTE diffusion reveals that this new technology was gradually deployed from
highly populated postal codes towards less populated postal codes regardless of their household
income. In more detail, Figure 6A shows how the median population density of codes where LTE
is measured for the first time decreases over time. Therefore, we conclude that mobile service
penetration presents a strong concentric pattern and positive association with population
density. Additionally, Figure 6B depicts how, in the same postal codes, the median household
income only increases during the first half of the deployment. This observation suggests that
household income might not follow the proposed concentric pattern.

Figure 6A.
Positive concentric pattern of the
mobile penetration

Figure 6B.
Non-concentric pattern of
household income

Figure 6C.
Positive concentric pattern of
mobile download speed

Figure 6. LTE diffusion

State subsidy
In 2015, Finland adopted universal service obligations for broadband with a minimum capacity
of 2 Mbps and with monitored prices. In order to serve connection requirements, the regulator
designated universal service providers for 58 peripheral and remote postal codes. Designations
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include the three nationwide operators, but no universal service fund was associated with the
obligation. Designed operators can use any broadband technology to fulfil the obligation.
However, in parallel, subsidies for next-generation fixed services have been assigned to
nationwide, regional, and community operators by municipalities through competitive tenders.
Funds were mainly supplied by supra municipal entities via projects such as the European
Agricultural Fund for Rural Development and the Broadband for all 2015. A direct budget
contribution from municipalities was also mandatory according to their population density
[Fico13]. Hence, we confirm the concentric association of state subsidy with population density
to be negative for fixed services.
Service quality
Differences in service quality between highly and less populated postal codes were observed in
the analysis of LTE diffusion and service quality. More precisely, Figure 7C shows how the
improvement in mobile service quality derived from LTE deployments arrived at the least
populated postal codes (15th percentile) with approximately 2 years delay with respect to urban
postal codes (90th percentile). In Figure 7C, each data point includes between 150 to 330 postal
codes and between 834 to 28.000 network measurements per postal code.
Regarding the service quality analysis, Figure 7A and Figure 7B reveal how download speeds
increase with population density for mobile and fixed services, respectively. Further, Figure 7C
shows how the percentage of erroneous measurements, which include network and server
unavailability errors as well as zero download speed measurements, grows when population
density decreases. The vertical bars indicate the 25th and 75th percentile values respectively.
Data points of Figure 7A include between 2.434 and 32.985 measurements. The corresponding
numbers for Figure 7B are 629 and 17.595.
Therefore, we confirm that service quality and population density are concentric and positively
associated. In addition, we note that fixed services present a stronger association with
population density than mobile.

Figure 7A.
Positive concentric pattern
of mobile download speed

Figure 7B.
Positive concentric pattern
of fixed download speed

Figure 7C.
Negative concentric pattern
of erroneous measurements

Figure 7. Service quality comparison

Competition
Market shares in Finland have been traditionally divided in similar proportions among
nationwide operators [EsFH08]. This market distribution can be explained by the combination
of the following factors: the regional origins of the old telephone operators, a market-driven
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regulatory strategy, and the existence of subscriptions with flat rate pricing. A market-driven
regulatory strategy has been pro-actively pursued by the regulator through the following
policies: In 2003, number portability was introduced for mobile broadband. In 2005, costorientation requirements and price caps were issued for DSL [Purs07]. Furthermore, dominant
behaviour has been avoided through fair spectrum auctions that assigned an equal number of
spectrum bands to major operators [Fico17] . As a result, in 2013, fixed and mobile prices were
below the EU average in all speed categories [Fico16]. Furthermore, Finland is the only country
in the world with mobile broadband subscriptions with flat-rate pricing. This price structure,
which was introduced by a single operator forcing others to follow, decouples revenues from
traffic load. Under such conditions, operators are obliged to deploy as much capacity as users
might demand thus risking the degradation of service quality.
Despite the competitiveness of the Finnish mobile market, Figure 8 shows how the number of
mobile operators increases with population density. Data points in Figure 8 include between 191
and 246 measurements from the year 2015. Hence, we confirm broadband competition to be
concentric and positively associated with population density.

Figure 8. Number of operators

Education and digital literacy
The Finnish education system is free of charge from elementary school to the university level.
Given the extraordinary equal learning opportunities, we study the influence of population
density on education levels looking at the percentage of the population with a bachelor’s degree
(3 to 4 years after upper secondary education). A depicts how the percentage of the population
with a bachelor’s degree increases with population density. Therefore, we confirm education
level as concentric with a positive association.
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A.
Positive concentric pattern
of bachelor’s degrees

B.
Non-concentric pattern
of household income

Figure 9. Socio-economic status

Income
B invalidates the concentric assumption between household income and population density
since no consistent positive or negative trend can be observed among variables. Data points in
this figure include between 223 and 1304 codes.
Subsidy from for-profits
Data plans with zero-rated applications are not available in Finland. There are no third-party
mobile applications granting earned data either. Nevertheless, coffee shops and department
stores provide free Wi-Fi in order to differentiate from competitors. Since retail competition
typically increases with population density, we confirm that subsidies from for-profit of Wi-Fi
access presents a positive concentric association with population density.
Community commitment
We estimate the community commitment to self-governance through the participation in
municipal elections. Figure 6A shows how the average participation in the 2012 and 2017
elections decreases with the population density of municipalities. Therefore, we assume
community commitment to be concentric and negatively associated with population density.
Community commitment is a requirement for the emergence of community operators. Figure
10B identifies in red circles 8 municipalities where fibre consumer cooperatives emerged. These
municipalities are displayed over the cumulative distribution function of municipal population
density. Since these municipalities have less than 100 inhabitants per square kilometre, we
speculate that the likelihood of community operator emergence increases with decreasing
population density.
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Figure 10A.
The participation in municipal elections decreases
with population density

Figure 10B.
Municipalities with fibre community operators
(red circles)

Figure 10. Community commitment

Summary of results
Both the multi-country and Finnish studies confirm that levels of service penetration, service
quality, competition, community commitment, education, for-profit subsidy of Wi-Fi access, and
digital literacy statistically increase with population density. In contrast, levels of community
commitment and state subsidy decrease with population density. Finally, household income and
for-profit subsidy of mobile access do not present a clear association with population density.
Furthermore, the strength of the association varies depending on the access technology and
government policies. In comparison to fixed services, mobile services present less divergent
penetration rates, access network costs per user, and service qualities across population density
groups. Therefore, the diffusion of mobile services presents lower dependency on population
density than fixed services. Concerning government policies, the association strength weakens
when redistributive policies equalize learning/labour opportunities, and regulatory policies
stimulate investment. Results for each diffusion determinant are presented in Table 8.
In the Finnish study, a strong welfare system combined with a proactive market-driven policy
mitigated the influence of population density and enabled a rapid mobile diffusion. We briefly
summarize how this market-driven strategy was proactively executed. In 2003, a broadband
strategy was defined to promote local competition, and no budget was allocated for subsidies
[EsFH08]. Over time, 3G and 4G bands were equally assigned to nationwide operators at
relatively low fees including the 700 and 800 MHz bands. This assignment attracted investment
in mobile infrastructure which was extensively deployed due to coverage obligations. While
mobile penetration increased due to flat-rate data plans and mobility services, fixed broadband
failed to attract update investment. As a result, the costs per unbundled local loop, which are
required in DSL subscriptions, remained among the highest in EU. As a result, in 2009 Finland
achieved the highest broadband penetration in the EU fuelled by infrastructure-based
competition between fixed and mobile and high fixed-to-mobile service substitution [Purs07].
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Table 8. Validation results for the framework of concentric patterns

Presumed
association

Diffusion
determinant

Association strength with population
density
Nationwide vs
Regulatory mitigation
community operator
Multi-country
Study of Finland
study

Concentric
and
negative
(-)

strong (fixed)

State subsidy

standard

standard (fixed)

Community
commitment

standard

standard w.r.t.
municipal election
participation

Spectrum usage

standard
(mobile and WiFi)

standard
(Wi-Fi)

Subsidy from forprofits

Scale economies
vs
Regional competition
Subscription
vs
Community
agreement

New band allocation.
Sharing and trading
mechanisms.
Coverage obligations

Dedicated, efficient
vs
Shared, sub-optimal

weak (mobile)
strong (fixed)

Service quality
Concentric
w.r.t.
and
download speed
positive
(+)
Competition
w.r.t. num. of
operators
Education and
digital literacy

Universal service
obligations and funds

weak (mobile)

Service
penetration

Nonconcentric

Volume discounts
Infrastructure sharing,
vs
joint ventures, and
Low-cost equipment
merges
and volunteer work

weak (mobile)

Access network
cost per user

weak (mobile)
strong (fixed)
strong (fixed)

Universal service
definition
Advert compliance

standard

standard (mobile)

Sharing essential
facilities, price floors
and caps

standard w.r.t
secondary school
performance

standard w.r.t
bachelor’s
degrees

Rural school subsidy

standard (Wi-Fi)

standard (Wi-Fi)
Net neutrality

non-concentric
(mobile)

Income w.r.t.
non-concentric
household income

Concentric pattern strength
(access technology)

Centralized
vs
Decentralized
upgrade investment
Cross-subsidization
vs
Local cost pricing &
volunteer labour

non-concentric

Rural development

(Quantitative) assessment

weak

Weaker than standard strength.

standard (e.g. mobile)

(Median) values consistently increase or decrease with population
density.

strong

Stronger than standard strength.

non-concentric

(Median) values do not consistently increase or decrease with
population density
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Discussion: Community operator emergence
In the early 2000’s, essential facility sharing and unbundling obligations were widely established
in European countries to stimulate DSL competition. However, evidence indicates that these
obligations discouraged investments in infrastructure upgrades by incumbents [BoDV10]. At the
same time, in some countries, 3G spectrum auctions were also unsuccessful in stimulating
mobile competition. For instance, auctions failed to attract new entrants in Belgium and Greece,
and these imposed substantial financial commitments to the UK and German operators
[Klem02]. As a result, in some countries, old copper lines remained as the only nationwide
broadband infrastructure. Hence, we suggest that European wireless community networks
emerged as a response to the lack of investment by nationwide operators. More importantly,
regional infrastructure-based competition was increased thus leading to the substitution of DSL
services by wireless community network services [FrPK11] [BRFN15] [BeFr16].
In Finland, mobile infrastructure-based competition was stimulated by distributing equal
spectrum shares to operators. In fact, mobile attracted a significant portion of the total
broadband investment thus slowing down fixed deployments. This attraction can be explained
by the relatively low prices of spectrum and the absence of fibre subsidy in initial regulatory
plans. In general, investor preference for mobile has been observed in other countries motivated
by its rapid technological development and its shorter pay-back time [Brig14]. As a result, rural
coverage of next-generation fixed services in Finland was below the EU average in 2015 [Ec15].
To expand fixed coverage, the regulator finally decided to subsidise fibre deployments in
commercially underserved areas. It is in this context that fibre consumer cooperatives emerged
throughout Finnish municipalities. Hence, we suggest that community operators emerge as a
response to the lack of investment in nationwide broadband infrastructure. Moreover, in a
market-driven policy context, this emergence might occur when the least cost-effective service
(fibre) cannot be substituted by the most cost-efficient one (mobile), and the former needs to
be subsidised. Further, subsidies need to be assigned openly through competitive tendering. The
operator emergence might also happen when an interventionist policy fails to encourage private
investments.
Therefore, as suggested by the framework of concentric patterns, the likelihood of community
operator emergence increases with community commitment and state subsidies. In other
words, the likelihood of community operator emergence increases with decreasing population
density.
Results
This study clarifies the influence of population density on the diffusion of broadband services.
This clarification is supported by evidence on the evolution of the main diffusion determinants
throughout the studied region. Furthermore, a faster diffusion of mobile compared to fixed
services is observed based on actual penetration rates. Finally, we identify government policies
that stimulate broadband diffusion in areas where commercial initiative is considered
insufficient. We have reviewed the case of Finland, where high mobile infrastructure-based
competition has prompted fast mobile service deployment and significant fixed-to-mobile
service substitution. Consequently, the diffusion of fibre access has suffered from the
dominance of mobile services due to the Finnish market-driven policy. We suggest that the
emergence of community operators may be provoked by the lack of investment by nationwide
operators. The resulting divide in service quality between rural and urban areas can trigger the
self-organization of committed communities. These conditions may be found in countries with
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a market-driven policy and strong concentric diffusion patterns (e.g. weak regulatory
mitigation).
Hence, the study supports the following policy recommendations for stimulating investment in
commercially underserved areas:
•

Local competition should be promoted with local 5G spectrum licenses relying on local
community commitment. Frequency bands such as 3.5 GHz and higher should be
allocated locally or regionally to promote local competition in mobile and fixed-wireless
services (e.g. through the entry of new 5G micro-operators, indoor and outdoor). This
regional allocation is likely to promote spectrum utilization and hinder underutilization
as observed, e.g. in the case of the 2.6 GHz band in Finland.

•

Local fibre access diffusion should be promoted relying on local community
commitment. The challenging problem of fibre access monopoly can be alleviated with
a mix of access-based competition, wholesale-only requirement, and price caps.

•

Investment in commercially underserved areas should be incentivized via subsidies and
long-term loans relying on community commitment. The early deployment of new
technology should be incentivized to accelerate rural penetration, increase competition,
and improve the nationwide social surplus via the positive network effects of late
adopters.
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3 BROADBAND REGULATORY TRENDS AND
RECOMMENDATIONS
Since the diffusion of broadband services is conditioned by national regulatory frameworks, this
chapter informs about key regulatory developments for RIFE and produces recommendations.
Regulatory authorities typically adopt an interventionist or a market-driven strategy, or a
combination of both. Interventionist regulatory policies typically use public funds to subsidy and
develop infrastructure. In contrast, market-driven regulatory policies do no allocate public funds
to infrastructure but foster competition. To reach social optimal conditions, interventionist
strategies typically establish cost-based access regulations and allocate subsidies based on
nationwide cost standards. Conversely, market-driven strategies relay on competition and the
entrepreneurial search for heterogeneous solutions to optimally allocate resources [KnZe15].

Universal service obligations
OECD countries adopted three different approaches to incentivise investment in low populated
areas through the universal service concept. A first group included broadband to the list of
universal service obligations (e.g. US, Israel, Malta, Spain, and Finland). A second group
developed universal service policies aiming for “availability for all” (e.g. Korea, Japan, UK, and
Australia). Finally, a third group did not develop any policy in this regard (e.g. Denmark, Norway,
Germany, Netherlands, and Ireland). Adopters of universal service obligations designate
universal service providers who are obliged to deploy and maintain infrastructure in low
populated areas. In return, incurred net avoidable costs (costs derived from the obligation minus
obtained revenues) are typically refunded through universal service funds gathered via
mandatory contributions from other operators. Beyond OECD countries, universal service funds
have been created in Peru, Nigeria, Uganda and Mongolia [Itu00]. Non-adopters reject this
practice because although funds for deployment of new infrastructure might be allocated
through competitive tenders, those associated with maintenance are typically conceded
through administrative procedures. Moreover, disputes arise regarding cost calculations
particularly related to intangibles including brand recognition and network effects. For these
reasons, non-adopters assume universal service obligations distort competition strengthening
the position of incumbents to the detriment of regional or community operators [Calv12].

Infrastructure sharing and open access
Infrastructure sharing has a number of positive effects: cost reduction, foster competition,
environmental savings, etc. A working definition of open access is “to make available the
physical infrastructure to others than the owner for a fee”. Base on that, there are several
degrees for infrastructure sharing. In the basic ones, this availability is limited to the passive
infrastructure or certain parts of it. Currently is rather usual that several operators use the same
ducts in fibre roll-ups or the same towers to deploy their mobile networks. The most common
model for infrastructure sharing is the model of a neutral operator. In this model the
infrastructure to be shared is (either public, leased or private) operated by an agent (either
public or private) that, in most of the cases, is required to be free-of-conflict with the potential
users of that infrastructure (e.g. cell towers sharing in Africa [Clar00]). While sharing of passive
infrastructure (ducts, poles, towers, etc.) is quite consolidated, sharing of active infrastructure
is still unusual and unknown, despite some very fruitful experience [FoLM10]. In the commons
model [BaFN18], the participants contribute their infrastructure in a common-pool resource to
maximize the benefits (economic, environmental, social, etc.) of infrastructure sharing.
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Spectrum regulation
Unlicensed spectrum
The development of IEEE 802.11 is a success case of standardization with a positive impact on
cost reduction, technology availability and innovation leverage [LeHG11]. The license-exempt
utilization of 2.4 GHz and 5 GHz bands is worldwide accepted with just a few variations on
specific channels availability and transmitter power. The allocation of channels as well as the
transmitter power is regulated via regulatory domains (regdomain) including the EU (ETSI), US,
and Canada. Furthermore, Regdomain 0 ensures the device will not transmit at a power above
the allowable power in any other regdomain, nor will it use frequencies that are not permitted
in any other domain. Other bands, like 3.5 GHz and 21 GHz are seeing their levels of utilization
increased.
It is generally admitted that Wi-Fi has had a significant impact on broadband availability and still
have great potential. Nevertheless, the few spectrum availability and the massive usage that
global operators perform on this limited resource (Wi-Fi offload) translate into a general
saturation. Therefore, given the positive impact of Wi-Fi in broadband availability; the saturation
in the available bands; and the massive usage by global operators, we recommend operators to
allocate more license-exempt spectrum while ensuring commons-like management [LeCr05].
TVWS spectrum
TV Whitespaces (TVWS) have recently been proposed as an alternative to alleviate the spectrum
crunch, characterised by the need to reallocate frequency bands to accommodate the evergrowing demand for wireless communications. In fact, the ITU has recognized that TV
broadcasting spectrum is currently being underutilised, and has recommended reallocating the
frequencies above 694 MHz from TV broadcasting to cellular service. Nevertheless, the
frequencies from 470 to 694 MHz offer plenty of opportunity for TVWS in rural areas, where the
broadcaster can make a business case for just a few channels leaving the rest of the spectrum
empty. Whereas in urban areas, there are less empty spaces in the TV band, but cellular
operators can afford to deploy many base stations to meet the higher consumer demand.
Interestingly, offloading wired broadband networks onto cellular networks has been
demonstrated as an option for enhancing the performance of particular applications [RVEG13].
In emerging countries, regulators keep track of primary users and incumbents through manual
and static databases. However, there are intermittent legal users (e.g., UHF microphones),
unaccounted legal users, and rogue users that utilize the spectrum with no control and can act
as potential interferers [BCMM09]. In developing regions, spectrum governance is often
challenging due to:
•

Inefficient management of the spectrum occupancy – having stale information
maintained by semi-automatized databases;

•

Governmental unwillingness to be compliant with international structures and
regulations, such is the case of the under-compliance to the ITU recommendations for
spectrum occupancy in Latin America (see http://goo.gl/Znmjna);

•

Very long approval times to license portion of the spectrum, even when those portions
are well known to be unoccupied;

•

A need to improve spectrum occupancy data-access speed.

This circumstance is a clear opportunity for regulators and local authorities to promote
regionalized (i.e., distributed) repositories for keeping track of used and unused frequencies,
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boosting efficient use of wireless spectrum. Therefore, we propose the use of open and
regionalised spectrum repositories, allowing fine-grained management of spectrum and
improve spectrum efficiency. Applications that make use of this approach are long-distance
backhaul links, emergency communication links, Public Protection and Disaster Relief
provisioning [HPAC15].

Satellite regulation
Diffusion and the “rival” model
Just like in computing technology, for satellite communications to follow a “viral” model, it will
rely increasingly on some key factors. These include:
•

De jure standardization of major radio interface components, moving away from
expensive proprietary standards and drawing on economies of scale.

•

The adoption of broadband policies by governments.

•

Convergence between fixed, broadcast and mobile satellite services.

Although each of these factors is regulated, the evidence for the effectiveness of this regulation
is mixed.
Standardization and broadband policies
There is a large and well-researched body of evidence that supports the conclusion that
standardization and innovation diffusion are positively correlated. For example, Koski, Heli and
Kretschmer, Tobias (2005) found that standardization significantly accelerated the entry and
diffusion of 2G mobile services. Recent developments in Europe that have seen the inclusion
and integration of satellite in 5G / IMT-2020 are likely therefore to have a positive effect on the
availability of broadband via satellite.
Although theory suggests that sound regulation and sound governance should both positively
affect broadband diffusion, it has been observed3 that this theory can break down in practice.
Policy initiatives by governments and sound regulatory practices are necessary to enable
“material access” to broadband services. However, the relationship between government and
service providers, and the development of policy and regulation, should be more collaborative
than adversarial according to Marsden, C. (2011). A policy that promotes terrestrial mobile
broadband provision against satellite broadband by making them rivals for access to radio
spectrum in a belief that this will lead to higher utility for consumers nationally may not achieve
the positive effect on diffusion sought. Broadband delivery is delayed and consumers lose out.
Encouraging convergence
In the field of satellite regulation, there are many examples where the Radio Regulations
establish protection for specific systems (e.g. Cospas Sarsat), orbits (e.g. Article 22, which
protects the GSO) and allocations to specific services (e.g. FSS, BSS and MSS to name a few). But
improvements in technology and convergence between fixed, mobile and broadcasting services
are starting to overtake these regulatory constructs. For example, the development of an
antenna technology means that earth stations in the fixed-satellite service can deliver
broadband communications while they are on the move, e.g. on ships and aircrafts (Earth

3

David J. Yates, Girish J. “Jeff” Gulati & Joseph W. Weiss, 2013 46th Hawaii International Conference on
System Sciences
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Stations in Motion) demanding the development of new regulations that will enable consumers
to benefit from broadband on the move everywhere.
High Throughput Satellites (HTS) use highly directional, steered and shaped antenna beam
technologies to direct connectivity and capacity where it is needed most. This means that the
regulations for sharing between services, which are mostly based on regionally allocated radio
services and boundaries to protect against interference, can be sub-optimal and the radio
spectrum will not be used efficiently.
Conclusion
Within this section some key factors have been highlighted where regulatory change and action
can accelerate the diffusion of broadband by satellite or slow it down. It is recommended that
regulators:
•

Promote the development of de jure technical standards for satellite communication
payloads for example by the inclusion of satellite broadband into standards for 5G / IMT2020 from the outset.

•

Promote a balanced and complementary vision for both satellite and terrestrial access
to spectrum. In this regard, provision of mm-wave spectrum at 66-76 GHz and 81-86
GHz band for 5G/IMT-2020 would support the realization of such a vision.

•

Support the development of a more open, less restrictive radio regulatory framework
that allows new technologies to deliver converging communication services.

•

In the context of 5G / IMT-2020 and the role that satellite will play in connectivity to
broadband services for consumers everywhere, ensuring these key factors are
promoted and supported is vital.

Summary of the GAIA/RIFE regulatory workshop
On January 26 & 27, 2017, the “GAIA Community Networks: Sustainability & Regulation
Workshop” took place in Cambridge, UK [00c] [00d]. Supported by the Internet Society, EU
H2020 RIFE Project, EU H2020 Netcommons Project and the EPSRC GCRF African Internet
Measurement Observatory (AIMO) project, it gathered over 30 participants from several
communities including the teaching and research community, practitioners, etc. The topics
discussed included: the need of scientific evidence with regards to the benefits of Community
Networks and how to achieve it, how to close the digital gap in developing countries, success
cases around the word, TV white spaces, etc.

Summary of recommendations
This section gathers regulatory recommendations that have been issued so far in the document.
Recommendations by community operators
•

We recommend regulators to increase the license-exempt spectrum, given the observed
positive impact of Wi-Fi in broadband availability; the saturation of current licenseexempt bands; and the massive usage by nationwide operators.

•

We recommend regulators to manage license-exempt spectrum through a commonslike approach [LeCr05].

•

We recommend the use of open and regionalised TVWS spectrum repositories, allowing
fine-grained management of spectrum and improved spectrum efficiency.
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Recommendations by satellite operators
•

To promote the development of de jure technical standards for satellite communication
payloads for example by the inclusion of satellite broadband into standards for 5G / IMT2020 from the outset.

•

To promote a balanced and complementary vision for both satellite and terrestrial
access to spectrum. To this regard, provision of mm-wave spectrum at 66-76 GHz and
81-86 GHz band for 5G/IMT-2020 would support the realization of such a vision.

•

To support the development of a more open, less restrictive radio regulatory framework
that allows new technologies to deliver converging communication services.

Recommendations regarding commercially underserved areas
•

Local competition should be promoted with local 5G spectrum licenses relying on local
community commitment. Frequency bands such as (e.g. through the entry of new 5G
micro-operators, indoor and outdoor). This regional allocation is likely to promote
spectrum utilization and hinder underutilization as observed, e.g. in the case of the 2.6
GHz band in Finland.

•

Local fibre access diffusion should be promoted relying on local community
commitment. The challenging problem of fibre access monopoly can be alleviated with
a mix of access-based competition, wholesale-only requirement, and price caps.

•

Investment in commercially underserved areas should be incentivized via subsidies and
long-term loans relying on community commitment. The early deployment of new
technology should be incentivized to accelerate rural penetration, increase competition,
and improve the nationwide social surplus via the positive network effects of late
adopters.
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4 EVALUATION OF RIFE TECHNOLOGIES
This chapter evaluates RIFE technologies from a techno-economic point of view including the IPover-ICN routing system and the PiCasso platform for the fronthaul as well as the satellite
backhaul multicast and the service categorization mechanism for the backhaul. Furthermore,
operational benefits are presented based on the field trial experiments.

Feasibility evaluation of IP-over-ICN fronthaul
This section studies the feasibility of the IP-over-ICN routing system as a fronthaul solution for
RIFE operators. Background on the IP-over-ICN solution can be found in this document in ANNEXE
2 - BACKGROUND ON IP-OVER-ICN. The research question driving the study is:
What techno-economic factors might affect the feasibility of the IP-over-ICN routing system?
The study takes into account the following hypotheses:
•

IP-interoperability,

•

Routing scalability,

•

Advantages regarding substitute systems,

•

Compatibility with new standards,

Framework for the feasibility analysis of Internet protocols
This section employs a conceptual framework which was purposefully created to analyse
Internet protocols developed in open, volunteer-based forums such as the IETF. To analyse the
feasibility of a protocol, the framework identifies the most attractive use cases, compares the
protocol performance against substitutes, and assesses the incentives of stakeholders to
participate in its deployment [LeSu13]. The framework has been used to analyse protocols with
a moderate level of uncertainty regarding their potential adoption by stakeholders such as CoAP,
Multipath-TCP, and Host Identity Protocol (HIP). In more detail, for each use case, the framework
establishes a sequential and iterative process as shown in Figure 11. Each step in the process
has clearly defined objectives which are listed in

Table 9.

Figure 11. Framework for the feasibility analysis of Internet protocols
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Table 9. Steps in the feasibility analysis

Analysis step

Objective

1

Use case analysis

To identify the purpose of the use case and required system
functionalities.

2

Technical architecture
analysis

To identify the system components providing the use case
functionalities.
To identify the required deployment actions for system
components.

Value network analysis

To identify the relevant stakeholders in the use case.
To assign deployment actions to stakeholders.
To identify alternative value network configurations for the use
case.

4

Deployment
environmental analysis

To compare the implementation of the identified system
components against substitutes in other routing systems or
protocols.
To identify external factors affecting the feasibility of the protocol
now and in the future.

5

Feasibility analysis

To test the feasibility of the system functionalities belonging to the
use case from all stakeholders’ viewpoint.

6

Solution analysis

To identify positive net benefits for all relevant stakeholders as well
as major deployment challenges of the protocol.

3

Identification of generic use cases
In this section, we identify the most attractive use cases covering the competitive necessities of
operators with connection-oriented, service-oriented, and mobile services.
Connectivity-oriented operators, typically adopt path-based routing solutions such as MPLS. In
this context, new flow-based IP routing solutions are entering the market enabled by Software
Defined Networking (SDN) technologies and the IPv6 standard including the Cisco Open Network
Environment and the HP Virtual Cloud Networking. Given this market trend, we decide to study
the ability of IP-over-ICN to perform path-based routing and its compatibility with SDN
equipment.
Service-oriented operators have traditionally deployed IPTV solutions implementing the IPmulticast protocol. However, consumer surveys report consistent media consumption growth
through Over-The-Top (OTT) services including Video-on-Demand (VoD). For instance, the US
market is experiencing cable-to-VoD substitution driven by lower prices of VoD services which
reached 50% market penetration in 2016[Rich17][Niel16]. Given that OTT services are provided
by Content Delivery Networks (CDNs) via best-effort IP, IPTV operators are not able to
differentiate from pipe operators thus losing content-related revenues. Hence, we decide to
study the ability of IP-over-ICN to implement IP-multicast and HTTP.
Mobility-oriented operators are interested in expanding the scope of their services addressing
low-latency and nomad applications such as those of autonomous cars. To this end, server-side
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application logic needs to move closer to the client while following it beyond the macro-cell
coverage. Therefore, we decide to study the ability of IP-over-ICN to execute service routing.
This use case is also relevant for operators with constraint backhaul since local services can be
deployed on the network edge.
Table 10 presents the identified use cases providing additional detail about their purpose.
Table 10 Identified use cases

Use cases

Purpose

1

IP-interoperability

To evaluate the interoperability of IP-over-ICN with
IP networks and devices.

2

Path-based routing

To evaluate the integration of publish-subscribe ICN
with SDN enabling path-based routing in the ICN
network.

3

ICN-multicast for IP-multicast and HTTP

To evaluate the improved implementation of IPmulticast and HTTP.

4

Service routing

To evaluate the ability to dynamically route services
according to FQDN-based policies including
surrogate services.

Use case 1: IP-interoperability
In this use case, we evaluate the interoperability of IP-over-ICN with IP networks and user
equipment.
Technical architecture analysis
The architectural elements enabling IP-interoperability are the NAP and the RV. NAPs are
publish-subscribe applications located at the edge of the ICN network that forwards IP data from
ingress NAPs to their egress counterparts. The forwarding is controlled by protocol-handlers
that, at least, translate packet semantics between ICN and IP, as in the case of the generic IPhandler. In addition to IP-interoperability, the NAP can also expose ICN-capabilities to ICNcompatible services.
For IP-handlers to forward IP data with the proper egress NAP, a dedicated namespace is created
in the RV organizing the IP address space according to address prefixes, as shown in Figure 12.
Thus, when an IP packet arrives at the NAP, either a publication or a subscription is added to the
scope with the longest prefix match according to the packet IP destination. To facilitate
forwarding inwards and outwards the IP-over-ICN operator, the prefixes are split in user-facing
NAPs (Ii), and Internet-facing NAPs (Oi), respectively.
An additional example of protocol-handler enabling IP-interoperability is the DHCP-handler. For
this handler, a DHCP-namespace is created in which the served IP-range via DHCP is organized
according to address prefixes, limiting the broadcast nature of DHCP. Thus, DHCP-handlers can
publish incoming DHCP packets to the IP-prefix served by their NAP, isolating client-server
communication and facilitating co-existence of multiple DHCP servers [AFKP16].
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Figure 12. The namespace of the IP-handler[AFKP16]

NAPs are hosted on custom equipment on the edge of the ICN network. NAPs request
configuration details about the ICN network (e.g. LIDs) and the IP network (e.g. served routing
prefix) directly from the TM. This communication is possible since the Bootstrapping and
Attachment (B&A) protocol forces adjacent nodes to share FIDs connecting to the TM [AAFK18].
Value network analysis
Stakeholders involved in the NAP functions are the operator and the routing solution provider.
The solely responsible for the deployment of NAPs is the operator. Therefore, we do not identify
radical changes in the value network configuration compared to traditional configurations in the
provision of broadband. Nevertheless, new value network configurations might arise if ICNcapabilities are exploited by new ICN-devices such as sensors or ICN inter-domain applications
such as name resolution services or content replication systems [KPKL12].
Deployment environment analysis
In this section, we compare the implementation of the NAP functions against MPLS and IP-overCCN regarding IP-interoperability.
IP packets entering an MPLS network are assigned to Forward Equivalence Classes (FEC) which
define the egress router through which packets leave the network. Similar to IP-over-ICN, this
assignment is defined according to the longest prefix match between the packet IP destination
and the addresses available in the routing table of the ingress router. In both systems, IP data is
encapsulated in frames (MPLS and ICN frames) and routed according to new headers (labels in
MPLS and FIDs in IP-over-ICN)[ViCR01]. Other ICN technologies have also developed IPinteroperability solutions. For example, the IP-over-CCN system adopts a gateway-based
architecture where gateway nodes advertise CCN routes using IP-prefixes (e.g.
ccnx:/ipoc/<IPprefix>)[Whit16].
Solution analysis
IP-over-ICN operators would be interoperable with IP networks and user equipment. More
importantly, the integration is straightforward since NAPs manage publications and
subscriptions based on IP addresses prefixes. Very similar approaches are used by existing
standards such as MPLS and by new developments like IP-over-CCN. However, only IP-over-ICN
enables tailoring for handling protocols differently. Finally, operators might in the future be able
to expose publish-subscribe communication capabilities via NAPs.
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Use case 2: Path-based forwarding
In this use case, we evaluate the ability of IP-over-ICN to perform path-based routing in the ICN
network through SDN equipment. In addition, we study the scalability of the control plane.
Finally, the ability to perform traffic engineering is discussed.
Technical architecture analysis
The minimum architectural elements required for path-based routing in the Publish-subscribe
ICN were the FN and the TM functions. However, since the FN in IP-over-ICN is implemented on
SDN switches, the architecture is extended regarding use case 1 to include SDN switches and
controllers.
The FN is executed in SDN switches thanks to the repurposing of IPv6 packet headers. To be
precise, bit-field matching between packet-FIDs and router-LIDs is possible since the first are
included in packet headers and the second in header-fields of flow-tables. Thus, flow-tables in
SDN switches only need to account for its own links. Therefore, flow-rules can be inserted in a
proactive way by SDN controllers during network bootstrapping. As a result, controller-to-switch
interaction is limited to topology updates caused by link-failure or the attachment of new ICN
nodes. These updates are forwarded to the TM to maintain link-state information or provide
configuration details through the TM-SDN interface [AAFK18].
To guarantee control plain scalability, the three network functions (RV,TM,FN) require
supporting mechanisms. While the FN requires a zoning mechanism, the RV and the TM requires
the virtualized RV/TM framework.
In publish-subscribe ICN, the TM function computed FIDs by merging LIDs along the deliverypath between publishers and subscribers. In IP-over-ICN, due to the integration with SDN
switches, the FID length is constrained by the size of IPv6 headers thus limiting the number of
links that can be included in a FID. In order words, limiting the number of addressable links by
the TM. To address this scalability issue, IP-over-ICN adopts a zoning mechanism dividing the
ICN network into zones with a maximum number of links[AWTS16]. This mechanism requires
the IPv6 packet header to include not only a zone-specific FID, but also a zone identifier (ZID). In
addition, the packet payload transports FIDs of future traversed zones. Therefore, inter-zone
routers are required in the architecture to update the packet header with the correct ZID + FID
according to the next zone the packet is forwarded to.
In order for the RV and the TM functions to scale up to large operator networks, these functions
are replicated including a domain-level instance (DRT) and multiple local replicas (LRTs). On the
one hand, the DRT creates network partitions, instantiates LRTs, and clones topology and
publish-subscribe information. On the other, LRTs serve NAPs and SDN switches belonging to
their assigned partitions. Regarding the synchronization of LRT replicas, these are constantly
updated about network-wide link-state and server-side publications via multicast. In contrast,
client-side publications are confined to the partition of origin. Sa result, the RV/TM functions
remain logically centralized, but services are provided in a distributed manner, as shown in
Figure 13 [AFKP16].
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Figure 13. Virtualized RV/TM framework[AFKP16]

This use case requires the deployment of custom equipment hosting LRTs, SDN controllers, and
inter-zone routers. As shown in Figure 5, LRTs and SDN controllers can be co-hosted in the same
equipment. Finally, the DRT requires manual configuration including the setup of the B&A
protocol spreading node-specific configuration.
Value network analysis
Stakeholders involved in the use case functionalities are the operator, the SDN equipment
provider, and the routing solution provider. The solely responsible for the deployment of custom
equipment and SDN switches is the operator. Therefore, similarly to the IP-interoperability use
case, we do not identify radical changes in the value network configuration. This result was
expected since the use case functionalities are confined within the ICN network.
Deployment environment analysis
In this section, we compare the control plane of IP-over-ICN against MPLS and SDN-enabled
flow-based IP protocols. We first compare the resources that protocols require at the router
level and then, we compare scalability solutions. Finally, we address the ability of protocols to
provide traffic engineering.
For MPLS to forward packets along Label Switched Paths (LSPs), routers need to maintain tables
matching packet-labels against possible next-hops known as Incoming Label Maps (ILMs).
Moreover, routers also need to swap packet-labels in a hop-by-hop basis [ViCR01] [RATT16].
Moreover, MPLS routers typically execute link-based routing protocols such as OSPF to monitor
the state of links and IP routing tables. Consequently, the required memory and processing of
individual MPLS routers increase with the number of network links[Moy98]. Conversely, IP-overICN routers are simple SDN-controlled forwarders since link-state information is managed by the
RV/TM and maintained via SDN signalling [PeKX17] [AAFK18]. Furthermore, IP-over-ICN routers
store significantly fewer flow-tables than other SDN-based protocols, given that these tables are
repurposed for bit-field matching between packet-FIDs and router-LIDs [RATT16]. As a result, IPover-ICN not only implements a much simpler forwarding decision, but also requires a lighter
integration with SDN switches [Moy98]. In more detail, the cost of integrating SDN switches
remains almost constant, while controller-to-switch interaction is limited to changes in the
topology.
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In order for the control plane to scale up, MPLS and OSPF protocols partition networks into levels
and areas, reducing the size of ILMs and link-state-databases in individual routers [ViCR01].
While MPLS packets can traverse several levels by staking multiple labels in the same packet,
ICN packets carry as many FIDs as traversed zones. Thus, MPLS routers in-between tunnels
behave similarly than IP-over-ICN inter-zone routers since both swap FIDs and labels [ViCR01]
[AWTS16]. Beyond the zoning mechanism, SDN-based protocols require SDN-controllers to
manage the control plane. In IP-over-ICN, this network of controllers might require more
resources than in SDN-enabled flow-based IP protocols since the RV/TM framework also
manages publish-subscribe information. Nevertheless, these additional resources need to be
compared against those used for operator-level DNS. Furthermore, the simpler forwarding and
the multicast delivery of IP-over-ICN facilitates the synchronization between elements in the
RV/TM framework.
MPLS is widely used in IP networks to facilitate traffic engineering via explicit routing or LSP
tunnels. In contrast, IP-over-ICN provides comparable, or even superior features since networkwide information on link-state is centralized in the RV/TM. This might not be the case for MPLS
since LSPs are established between ingress and egress routers with partial network information
[ZhHa15]. Other SDN-based protocols implementing a centralized control-plain can also provide
similar capabilities.
Feasibility analysis: Scalability of the zoning mechanism
The implications of the zoning mechanism to inter-zone routers was previously studied in D4.1.
Results indicate that packet delay derived from FID-swapping increases sub-linearly with
number of traversed zones [SMHB17]. Here, the analysis studies the zoning mechanism at the
network level assessing the growth of zones and inter-zone routers in relation to subscribers.
The feasibility analysis employs a topology that approximates a mobile operator serving 2.4
million users approximately [AWTS16]. As shown in Figure 14, the topology presents node
degrees 714, 5, and 161 in the access, distribution and core layers, respectively. In each layer,
devices serve the same number of lower layer slaves and are connected to only one higher layer
master (e.g. transport node degree 5 implies 4 slaves on the access layer and 1 master on the
core layer). Additionally, core layer devices are connected forming a ring topology. Figure 3
shows the number of required ICN routers as the number of subscribers increases.
3,000
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Core
routers

2,500

routers

2,000
1,500
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0
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Figure 14 Topology structure (left) and growth (right)

Several segmentation algorithms have been developed to guarantee bit-field forwarding
scalability taking into account different topologies and traffic patterns [AWTS16]. Nevertheless,
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this study employs a rather simple topology and segmentation method to guarantee clarity and
reproducibility. The segmentation logic minimizes the number of inter-zone routers taking
advantage of the hierarchical topology. In more detail, we group ICN routers in the access layer
(NAPs) until the maximum number of ICN-links per zone is reached. If the node degree of the
distribution layer is smaller than the maximum number of ICN-links per zone, then all devices in
the access layer belong to the same zone including their master node on the transport layer.
Otherwise, multiple zones need to be created in the access layer, and the master node on the
transport layer becomes an inter-zone router. This logic is repeated recursively traversing the
hierarchical topology from the bottom to the top.
The zoning segmentation is performed for three topology sizes named (Test 1, Test 2, Test 3)
which serve (1x106, 1.7x106, 2.4x106) subscribers approximately. Table 11. Zoning segmentation
for the test topologies. Table 11 shows how the number of zones in an IP-over-ICN network can
be increased dividing the ICN-packet header of 256 bits (IPv6 header length) in ZIDs (zones) and
FIDs (delivery paths) [Tiso11]. The number of zones per test topology is calculated dividing the
total ICN-links by the number of links per zone (FID length). The total ICN-links is derived from
the number of subscribers and the topology structure. Therefore, the maximum number of ICNlinks for (Test 1, Test 2, Test 3) equals (252,251,250). This calculation does not account for virtual
links providing additional routing features.
Table 11. Zoning segmentation for the test topologies

Test topology ZID length FID length Number of zones Total ICN-links
2

254

4

1016

3

253

9

2277

Test 1

4

252

16

4032

Test 2

5

251

25

6275

Test 3

6

250

36

9000

Each node in the distribution layer has 4 links with access nodes and 1 link with core nodes. Since
each link is bidirectional, each distribution node requires 10 ICN-links. Provided that the test
topologies can handle zones with up to 250 links, only core nodes need to be inter-zone routers.
This is true as long as distribution nodes are connected to only one core node. As a result, core
routers can handle up to 25 distribution nodes before creating a new zone. This applies to all
three operator sizes under study.
Figure 15 shows how although the number of total zones increases with subscribers (in red), the
zones per core router vary between 1 and 7 (in blue). Figure 16 shows this same variance (still
in blue) as the number of core routers increases in the topology (in green). This variance is
caused by the reassigned of zones to new core routers as the topology grows.
This study reveals that the inter-zone forwarding functionality is only required in core nodes
(similar to OSPF zone 0). More importantly, we observed how the number of zones per router
remained below 8 as the number of required zones grew to accommodate new links and
subscribers. However, this zoning solution requires further study since the payload of the ICNpacket need to carry not only the transported IP-packet, but also piggybacked zones. As a result,
the ICN-packet might grow and suffer high segmentation rates depending on the number of
carried piggybacked zones.
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Figure 15. Zone per router allocation

At the current state of development, IP-over-ICN presents lighter segmentation requirements
than the recommended OSPF recommendation by Cisco. Cisco guidelines on the configuration
of OSPF recommend 50 routers per area, 3 areas per ABR, and a maximum node degree of 60
[Tiso11].
Solution analysis
IP-over-ICN operators would see their transport network radically simplified compared to
current solutions since IP-over-ICN routers are simple SDN-controlled forwarders. Furthermore,
operators not only can reuse preexisting SDN switches, but also enjoy constant cost SDN-switch
integration, lower controller-to-switch interaction, and higher forwarding efficiency than SDNenabled flow-based IP protocols. Concerning routing scalability, the studied network zoning
mechanism facilitates the reusability of a finite number of LIDs while providing operators with
an upper bound for the number of zones and inter-zone routers. Finally, the RV/TM acts as an
operator control point enabling traffic engineering with network-wide information.
Use case 3: ICN-multicast for IP-multicast and HTTP
In this use case, we evaluate the improved implementation of IP-multicast and HTTP protocols
when performed by IP-over-ICN.
Technical architecture analysis
In addition to the architectural elements presented in previous use cases, this use case requires
three new protocol handlers. While the IGMP-handler and the IP-multicast-handler support the
implementation of IP-multicast, HTTP-handler supports the HTTP protocol.
To support IP-multicast, IGMP-handlers manage multicast groups by adding or removing
subscriptions to IP-multicast-addresses in a dedicated IGMP-namespace. Based on this
information, the IP-multicast-handler in the NAP that faces the content source (server-facing
NAP) can compute point-to-multipoint (P2MP) delivery-paths with as many destinations as
client-facing NAPs belong to the multicast group. This computation, known as ad-hoc multicast
path creation, can be autonomously executed by server-facing NAPs applying a logic OR among
those FIDs connecting them to the required client-facing NAPs. Furthermore, the IP-multicast-
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handler in client-facing NAPs generates as many IP-multicast-packets as served subscribers
[AAFK18].
Thanks to the HTTP-handler, a client-facing NAP can aggregate quasi-synchronous HTTPrequests into a single HTTP-request transported over ICN. The resulting HTTP-response is
afterwards delivered to client-facing NAPs via a P2MP delivery-path by the server-facing NAP via
ad-hoc multicast path creation. Finally, the client-facing NAPs generate as many individual
unicast HTTP-responses as served subscribers. We refer to this system functionality as HTTP
coincidental multicast. For this functionality to work, the HTTP-handler identifies HTTP-requests
based on their Fully Qualified Domain Name (FQDN) and registers them in a dedicated HTTPhandler namespace (CID in Figure 17). At the same time, the HTTP-handler also identifies
requests based on certain parameters including the URL (rCID in Figure 17). It’s based on rCIDs
that client-facing NAPs can generate HTTP-responses following its original unicast semantic
[AFKP16].

Figure 17. The namespace for the HTTP-handler

Value network analysis
Stakeholders involved in the use case are the operator, the content provider, and the routing
solution provider. The solely responsible for the deployment of use case functions is the
operator. Further, content servers, which are typically housed in data centres connected to the
core network, can remain unchanged but interfaced with a NAP. Although the industry value
network is not expected to change compared to traditional configurations, it becomes crucial
for operators to reach agreements with content providers regarding content rights since ICNmulticast might not work with HTTPS [KPKL12]. In addition, business contracts between operator
and routing solution provider need to define license agreements regarding protocol-specific
handlers. For example, the HTTP-handle and the IP-multicast handle could be licensed
independently depending on the operator needs.

Deployment environment analysis
In this section, we compare the resources IP-over-ICN requires to provide IP-multicast and HTTP
OSPF, MPLS and IP-over-ICN.
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While IP networks need to add rendezvous functions to the IPv4 architecture to maintain IPmulticast groups, these functions are already present in IP-over-ICN. Furthermore, while IPmulticast routers need to maintain additional routing tables such as Multicast Forwarding
Information Base and execute the PIM protocol, IP-over-ICN routers remain stateless [IELN13]
[RATT16].
In MPLS networks, even more memory and processing is required from routers since P2MP LSPs
are established by an additional protocol named Multipoint-LDP[SaSz00]. In contrast, IP-overICN can aggregate simultaneous unicast transmissions into a single P2MP transmission, including
full broadcast, without increasing the state in routers[KCFD02]. Furthermore, P2MP LSPs are not
fully compatible with LSP tunnels thus limiting the MPLS scalability[RATT16]. Conversely, in IPover-ICN, P2MP delivery-paths can be divided in zone-specific FIDs thus enabling scalable
multicast delivery.
Feasibility analysis: Multicast gain
The feasibility of the use case is assessed calculating the multicast gain (MG) that an operator
would enjoy by moving a certain percentage of its unicast traffic over multicast. To this end, the
calculation uses the topology described in Figure 14, assumes a 10% and a 20% of P2MP
multicastable traffic, and multicast groups of 2.5%, 5%, 10%, and 15% of the total subscriber
base. We study the most attractive case in which content is delivered from the core network,
and subscribers are equally distributed along NAPs. Therefore, we calculate MG at core and
distribution links as described by the following equations:

𝑚𝑢𝑙𝑡𝑖𝑐𝑎𝑠𝑡 𝑔𝑎𝑖𝑛 (𝑀𝐺) =

𝑢𝑛𝑖𝑐𝑎𝑠𝑡 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠
𝑚𝑢𝑙𝑡𝑖𝑐𝑎𝑠𝑡 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠

𝑔𝑟𝑜𝑢𝑝 𝑠𝑖𝑧𝑒
𝑑𝑖𝑠𝑡. 𝑟𝑜𝑢𝑡𝑒𝑟𝑠
𝑔𝑟𝑜𝑢𝑝 𝑠𝑖𝑧𝑒
=
𝑎𝑐𝑐𝑒𝑠𝑠 ∗ 𝑑𝑖𝑠𝑡𝑟. 𝑟𝑜𝑢𝑡𝑒𝑟𝑠

𝐶𝑜𝑟𝑒 𝑙𝑖𝑛𝑘 𝑀𝐺 =

𝐷𝑖𝑠𝑡𝑟. 𝑙𝑖𝑛𝑘 𝑀𝐺

Figure 18 shows how the MG rapidly increases for core links, whereas this remains between 1
and 4 for the distributions links. Next, we study how the utilization at core and distribution links
decrease as the MG increases. Figure 19 shows how capacity in core links is rapidly released due
to high multicast gain (blue and red colours). In contrast, distribution link capacity is gradually
spared as the multicast group size increases (green and lilac colours).
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The feasibility analysis shows that operators with small P2MP multicastable traffic can benefit
from a decrease in core link utilization even for small multicast group sizes.
Solution analysis
IP-over-ICN operators could provide scalable IP-multicast services since multicast transmissions
do not store state in routers. As a result, operators with no preexisting IPTV offering could
immediately make these services available. These operators could significantly improve the
overall utilization of their networks by aggregating quasi-synchronous HTTP unicast
transmissions into multicast transmissions via HTTP coincidental multicast. However, the
attractiveness of this use case for operators is highly dependent on the fraction of multicastable
traffic in core links. Furthermore, content providers might not be interested in reaching content
rights agreements to bypass HTTPS since their services are currently delivered successfully by
CDNs.
Use case 4: Service routing
This use case studies the ability of IP-over-ICN to dynamically route traffic by either setting
FQDN-level policies, or by implementing switch-over between surrogate services.
Technical architecture analysis
IP-over-ICN can enforce routing policies at the FQDN-level employing the architecture elements
already presented in previous use cases. However, NAP switch-over between surrogate servers
requires a surrogate system.
Traffic belonging to specific-FQDN can be dynamically routed to adopt a new delivery-path by
providing new FIDs to protocol-handlers on client-/ or service-side NAPs. The RV knows what
NAPs to inform since FQDN-information is managed via dedicated RV namespaces, as discussed
in use case 3. Furthermore, the new FID can be computed to avoid certain links since the TM
have network-wide link-state information, as discussed in use case 2.
Regarding NAP switch-over, NAPs can switch between surrogate servers in a flexible manner
since the availability of specific-FQDN surrogate servers is announced directly to NAPs without
interacting with the RV/TM framework [KPKT17]. For NAPs to implement switch-over, surrogate
servers need be deployed in locations where the IP-over-ICN operator has available computing
and storage resources. For example, custom equipment on the edge of the network, which
already executes NAP functions, could host surrogate services.
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Value network analysis
Stakeholders involved in the use case are the operator, the service provider, and the routing
solution provider. While the introduction of FQDN-based policies does not introduce changes in
traditional value networks for content delivery, the NAP switch-over functionality introduces a
new business role; this is the provision of surrogate hosts [KPKL12]. Furthermore, this new role
affects the provision of content since this can be moved from the core network to multiple
strategic locations including the network edge. Given the derived QoS advantages, it is likely that
operators will assume the control of this new role including the deployment of the surrogate
system. Although service providers with low-latency requirements might be interested in this
use case, deployment costs might force operators to deploy it first in areas where content
providers can share profits.
Deployment environment analysis
In this section, we compare the resources required to provide service routing between IP-overICN and the Akamai delivery system.
In IP networks, service queries such as HTTP requests are resolved into IP addresses according
to the operator-level DNS. To perform dynamic routing of services, delivery systems such as
Akamai have deployed their own DNS infrastructure resolving queries according to their
proprietary mapping algorithms[NySS00]. Comparably, in IP-over-ICN, service queries are
resolved by NAPs according to the protocol-specific RV namespace (e.g. HTTP-over-IP
namespace). Furthermore, IP-over-ICN enables direct NAP notification on the availability of
surrogate services thus avoiding DNS propagation delays across caches on access points and
clients.
Content delivery systems such as Akamai also conduct service routing by establishing virtual
networks with tailored transmission features such as increased reliability. These features are
achieved establishing multiple alternate paths (e.g. multiple link-disjoint paths) providing
content redundancy between edge servers and source servers[RATT16]. While overlay solutions
typically require additional resources at the transport-layer to realize tailored transmission
features, IP-over-ICN introduces optimizations at lower layers thus increasing the productivity
of transmission and computational resources. For example, surrogate servers can run over Layer
2 networks thus facilitating its deployment on mobile networks.
Solution analysis
IP-over-ICN operators can use the virtualized RV/TM framework as an operator control point in
which fine-grained routing policies can be introduced taking into account network-wide
information on link-state and publish-subscribe information. As a result, operators can perform
precise load balancing and prioritize OTT traffic that is encapsulated in HTTP based on its FQDN.
In case operators would deploy a surrogate system, IP-over-ICN enables the dynamic
deployment of surrogate services on the edge of the network as well as service indirection. This
would allow operators to offer low-latency services, increased network utilization and
localization of traffic. Service providers with strict QoS requirements might be interested in the
realization of this use case. Service providers need to participate in the use case deployment by
developing applications which are compatible with the operator technology. This would be
strictly necessary for providers aiming to control service surrogacy and service indirection.
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Evaluation of hypotheses
IP-interoperability: IP-over-ICN guarantees interoperability with IP networks and user
equipment. More importantly, the integration is straightforward since NAPs can, at least,
manage publications and subscriptions based on IP address prefixes.
Routing scalability: IP-over-ICN can technically scale up to nationwide-operator-size. While the
zoning mechanism provides an upper bound for the number of zones and inter-zone routers,
the virtualized RV/TM framework updates link-state and publish-subscribe information along
the network.
Advantages regarding other flow-based SDN solutions: IP-over-ICN is capable of highly efficient
packet forwarding since routing decisions are based on bit-field matching. This simple
forwarding plane not only limits controller-to-switch interaction to topology updates, but also
facilitates a constant cost integration for SDN switches. In addition to flow-based forwarding via
delivery-path computation, IP-over-ICN enables policy-based routing at the level of FQDNs.
Advantages regarding IPTV solutions and HTTP delivery: IP-over-ICN enables scalable IPmulticast since ICN multicast transmissions do not store state in routers. Furthermore, it can
aggregate quasi-synchronous HTTP unicast transmissions into ICN multicast transmissions via
HTTP coincidental multicast. In addition, IP-over-ICN can prioritize OTT traffic that is
encapsulated in HTTP based on its FQDN.
Advantages regarding traditional CDN solutions: IP-over-ICN enables service routing since NAPs
can dynamically switch-over between surrogate services. In addition, these servers would not
require IP connectivity thus enabling service routing over Layer 2. IP-over-ICN facilitates the
dynamic deployment of services, given that similar functionalities are required to manage the
virtualized RV/TM framework.
Results
Regardless of the competitive necessities experienced by RIFE operators, these might adopt the
IP-over-ICN routing system since fronthaul networks will remain compatible with the current
Internet architecture thus maintaining synergies with the IP ecosystem. Furthermore, the
necessary architectural elements are in place ensuring routing scalability.
Connectivity-oriented operators interested in adopting flow-based SDN solutions have a wide
variety of solutions in the market. Moreover, the availability of open-source implementations
for open-flow SDN controllers might lower the entry barriers for more competitors. The ability
to introduce FQDN-level routing policies might not be a crucial differentiator.
Service-oriented operators providing video-based services might be interested in adopting IPover-ICN since OTT traffic could be reduced thus sparing capacity in core links via HTTP
coincidental multicast. However, this would require the acquisition of content exploitation rights
from providers to bypass HTTPS encryption. Therefore, operator incentives to adopt IP-over-ICN
are highly dependent on the fraction of HTTP multicastable traffic and the establishment of
revenue sharing models with content providers. In this context, the ability to introduce FQDNlevel routing policies might be a relevant differentiator.
Service-oriented operators aiming to place services in strategic locations of the network could
be interested in adopting IP-over-ICN, given its ability to provide service routing. Particularly,
operators with a constrained backhaul connectivity could guarantee a minimum quality of
service for local services via service indirection. Moreover, the provision of non-local services
could be guaranteed via FQDN-level routing policies.
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Benefits of Picasso
In our experiments, we deploy the PiCasso in Guifi.net, and we quantify the benefits of service
placement heuristic and ICN capabilities of the platform.
Introduction
PiCasso is an edge computing platform that brings together lightweight virtualisation
technologies and a novel ICN paradigm to support both service delivery and service deployment
in challenging environments such as Community Mesh Networks (CMNs). PiCasso is able to
reduce traffic, given in-network caching and name-based routing mechanisms. PiCasso utilises
native multicast support to achieve efficient network utilisation during service deployment
across several distributed devices. This is crucial for CMNs as the network bandwidth is highly
fluctuated and congested, especially during the peak hours.
The core component of PiCasso is the Decision Engine component since it selects the
appropriate nodes for service instantiation based on constraints observed in network
measurements. In more detail, the HANET heuristic algorithm uses the state of the underlying
CMN (e.g., network bandwidth, network topology) and hardware resources (e.g., node
availability, CPU) to optimize the service deployment decisions. Additional technical details and
technical evaluation can be found in RIFE deliverable D4.3 [Seli18].
Observed benefits
Deployment benefits
The adoption of the Picasso platform requires minimal changes in the operator architecture or
network configuration since nodes are added via plug-and-play. Moreover, PiCasso nodes are
able to discover the closest node and dynamically retrieve the service image from the nearest
cache. Hence, content can be seamlessly delivered, cached and deployed at the network edge.
However, experimentation on the Guifi.net network revealed practical challenges. For example,
some owners of CMN nodes were not willing to plug PiCasso nodes (Raspberry Pi’s) due to the
traffic and electricity consumption, some nodes do not have enough ports, and some owners
were far away from the community.
Traffic reduction benefits
We perform sensitivity analysis on the amount of traffic that is consumed for delivering the
service images to nodes. We inspect the amount of traffic among nodes and the service
controller. We find that the total amount of traffic consumed by a traditional host-centric
communication approach is approximately 5.375 GB while our PiCasso achieved only 3.05
GB which is about 43.24% reduction in terms of traffic.
However, to achieve even better performance, PiCasso requires a number of participating nodes
to formulate a more extensive ICN overlay. Our results indicate that traffic reduction is not yet
optimal. Taking an example of GSgranVia node in the qMp network, there are several redundant
traffic generated by many peers. In theory, if we could deploy a SEG to this node, PiCasso would
be able to reduce the data traffic up to 726 MB.
Results
The PiCasso platform is easily deployed thanks to the plug-and-play feature of nodes and, it
introduces significant traffic reduction to CMNs. In order to maximize the traffic reduction
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benefits of Picasso, CMNs need to increase the number of PiCasso nodes. To this end, we
recommend CMNs to conduct an educational campaign among community members to
accelerate deployment taking advantage of the plug-and-play feature of nodes.

Satellite backhaul multicast
Satellite multicast technologies
IP multicast is a networking technique, which allows a source to send data to multiple
destinations simultaneously using a single transmit operation. Multicasting makes efficient use
of network bandwidth over the unicast transmission. Besides performance improvements,
multicasting allows deployment of truly distributed and collaborative broadband applications
such as tele-conferencing, distance-learning, distributed games and software updates. Thus, IP
multicast services will play an important role in the next generation Internet. Satellite IP
multicast addresses the limitation to distribute information to many sites at the same time that
is widely dispersed from each other. In addition, a satellite-based infrastructure can, in many
cases, be established to offer widespread service provision with greater ease and simplicity than
an infrastructure based on terrestrial broadband links. Thus, the ability to service many users
and to solve the expensive “last mile” issue without dedicating to each user cable, fibre,
switching equipment, and ports, etc. makes satellites attractive for broadband communications.
Satellite communication systems have several characteristics that are particularly attractive for
multicasting such as breadth of broadcast (reach), ubiquitous access, low-cost global coverage,
large and most importantly flexible capacity.
Next-generation satellite communication systems utilizing higher frequency bands such as the
Ka-band, spot-beam technology and onboard processing have already started to be developed
and deployed. Ka-band is very desirable for satellite communication systems because it offers
abundant fractional bandwidth. The use of spot-beam and on-board processing technologies
enable the employment of compact, low-power and low-cost user terminals that offer two-way
direct communication.
Evolution of IP satellite services
The Sat@Once[00e] is an application that has been developed through a joint project conducted
by the European Space Agency (ESA), SES-Astra and CSP. Sat@Once is a free service for
delivering popular web content by satellite with a total number of active users reaching more
than 50,000. The objective of this application is to allow users to capture a preview of the most
popular websites and making them available offline. Users can receive the web content on the
basis of their preference. Pages are delivered at high speed to their home PC through an ordinary
satellite-TV dish. The selected content is pre-fetched and made available for offline browsing.
Links that are not sent by satellite can be later retrieved seamlessly using a standard Internet
connection.
The ICEBERGS[00f] project addressed the integration of IP video and IP multicast in EuroSkyWay
geostationary satellite system since next-generation satellite systems are ideally suited for
multicast and real-time traffic. The target of the project was the design, demonstration and
validation of a broadband network including a regenerative satellite system interworking with
the terrestrial Internet, upgraded to support business-class services. The focus was on the
development of advanced techniques to support broadband conversational multiparty and
multicasting services which required strict QoS guarantees.
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For the design, demonstration and validation of this broadband network the following
advantages and characteristics of the VoIP transport through satellite have been taken into
consideration:
•

Strict guarantee of QoS thanks to the control of the end to end transport network.

•

Low cost of satellite links in comparison with terrestrial networks. Fixed cost
independent of the destination of the call.

•

Satellites from any operator can be used.

•

Access to remote areas not covered by terrestrial networks. Complementary to
terrestrial networks for the transport of VoIP.

The Digital Advanced Rural Testbed (DART) project led by AVANTI was funded under the
advanced networks demonstrator programme of the UK Technology Strategy Board. The
objective of these experimental networks was to address the barriers between the network,
content and applications. These barriers were seen to prevent new business models and
innovation centred on advanced network capabilities.
As the demand for broadband Internet services increased and the push towards next generation
access (NGA) services was intensified, the challenges towards making such services available to
rural populations became apparent. Taking into consideration that almost a third of the UK
population was located in rural areas, the technical and financial challenges associated with NGA
service provision needed to be addressed. DART provided an advanced infrastructure network,
representative of access technologies that played a significant role in serving rural communities
using a mix of satellite, terrestrial wireless and fibre technologies.
One of the four network enablers that was provided by DART was IP multicasting over satellite
in order to reach dispersed users with a single transmission. The other three enablers were
content caching, dynamic bandwidth allocation and dynamic QoS provision. DART experiment
employed real consumers trying out the new products and services at scale. The testing of new
technologies and studying the behaviour of the consumers resulted in new ways to run the
Internet in the long term.
The multicast characteristic was developed further in the NXY project. AVANTI was the prime
contractor of this project. The aim of the project was to develop a system for multicasting
popular multimedia content to end users of a satellite broadband service. By accurately
predicting popular content, the system could lower the total bandwidth use for the satellite
broadband operator. At the same time, the system could enhance the user experience by
watching video and similar content from an online source.
Project NXY looked at addressing the issue of content delivery to the satellite broadband end
users that used the services during the pilot of the project and the technical and commercial
implications on the satellite broadband provider who operated the service. For satellite
broadband providers, the challenge was to provide a high-quality user experience while keeping
the costs of delivery down. A key to this is making use of the satellite’s intrinsic quality to costeffectively multicast content.
The following key issues were discovered at various stages in the project:
•

Content plays a crucial role in an IPTV/VOD type of system and acquiring premium
content from content providers is more of an uphill task even where public broadcasters
are involved.
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•

Technically the implementation and pilot has proven that such a system is feasible over
the satellite and it brings advantages to the users and the satellite operators in terms of
bandwidth and network management.

•

There is no one size that fits all for creating commercial feasibility for such a service
provisioning, and each operator will need to adapt accordingly depending upon where
the organization lies in the value chain.

The NXY project was successfully completed by firstly implementing a fully operational end to
end IPTV/VOD service that utilised the HYLAS 1 satellite for multicasting and conducting a pilot
with approximately 300 end users which were involved in the feedback and evaluation process
of the system.
The aforementioned initiatives show that IP multicast over satellite not only can improve the
end user QoS experience but also to significantly reduced the backhaul costs of the satellite
operators.
Empirical benefits from current IP satellite services
The NXY and DART projects led by AVANTI and utilized Hylas 1 capacity were the predecessors
for the 2 African research projects, iKnowledge and iMlango, that AVANTIi is currently leading.
The iKnowledge Project delivers ICT and high-speed satellite Internet access to schools across
Tanzania. The project aims to connect and sustain schools in Tanzania, deliver educational
content and train the teachers through the support of its local and international partners.
iKnowledge advances teachers’ digital literacy and understanding through a sustainable training
model of “Train the Trainers”. The project also provides educational content for teachers to
apply straight into their classrooms, greatly improving educational engagement with students.
Phase 1 of the project was implemented in 2015 through UK Space Agency’s (UKSA)
International Partnership Space Programme (IPSP) and has successfully moved into Phase 2
within the UKSA International Partnership Programme (IPP). Teachers access the satellite
broadband via AVANTI’s HYLAS 2 satellite, which provides 100% coverage of Tanzania. In Phase
1 of iKnowledge, over 250 schools across 25 regions in Tanzania have been connected with
satellite broadband in less than four months, and 345 teachers were trained. In Phase 2, an
additional 50 schools will be connected with satellite broadband in remote locations of Tanzania
and provide ongoing support to the teachers previously trained and enabled in Phase 1 of the
project.
iKnowledge uses multicast technology to allow information to be delivered to a group of
destinations simultaneously, saving network capacity. Furthermore, the satellite solution is the
best option to guarantee a resilient broadband service capable of reaching remote schools in
Tanzania.
The services provided within iKnowledge are:
•

Broadband connectivity: All the sites are provided with satellite Internet connectivity
and multicast content distribution service.

•

Offline instructional content repository: Schools are provided with a school server
maintained by the satellite delivery network, where learning material is stored and
made accessible to the teachers and the students on all the computers connected to the
network.
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•

Schools network monitoring and remote maintenance: Local IT maintainers are
provided a simple way of accessing remotely the school servers through the satellite
network.

•

Offline instructional content update using multicast technology: A solution for
distribution of content using multicast over satellite is provided, reducing the need to
visit the school to update the teaching content.

•

Offline instructional video distribution: The multicast service also enables the
distribution of instructional video material, made available within the school portal.
Schools can be grouped by tags defining different distribution based on grades.

Figure 20 shows schematically how the usage of multicast technology in the iKnowledge project
can enhance digital education to the Tanzanian schools and provide tangible results on how
satellite IP multicasting is addressing a number of social challenges in Tanzania while at the same
time-saving backhaul capacity.

Figure 20. iKnowledge impact

iMlango is the 2nd African multicast project that AVANTI is leading. iMlango is a comprehensive
educational technology programme delivered by a ground-breaking partnership of public and
private sector organisations, which aims to improve Kenyan pupils’ learning outcomes,
enrolment and retention through the delivery of:
•

High-speed satellite broadband connectivity to schools;

•

Individualised simulated maths tutoring alongside digital learning content for literacy
and life skills;

•

Continuous training and support to teachers to use best practice to integrate ICT into
schools’ learning processes;

•

In-field teams to provide educational support to teachers and leadership guidance to
headmasters;
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•

Electronic attendance monitoring with digital semi-conditional payments to incentivise
families to send their daughters to school – with the money used at local merchants;

•

In-field teams to support the schools and ensure timely technical maintenance;

•

Real-time project monitoring and measurement

iMlango supports 150,000 pupils, including 68,000 marginalised girls, in 205 primary schools.
The schools are located in rural or semi-urban settings across four counties, where in-field teams
uniquely engage with parents, schools and the wider community. The schools were identified
according to several marginalisation criteria, including: poverty rates, attendance levels, and
girls’ educational opportunities.
iMlango was announced as the winner of the “Best e-learning platform” award at the Digital
Inclusion Awards in Nairobi. The Digital Inclusion Awards recognises the key players in various
sectors that have adopted digital technology to offer products or services in a more convenient
manner, and which have changed the lives of their clients or end-users. This award strengthens
the real business implications of the project towards the pupils, the community but also for
AVANTI as this can be part of its product portfolio.
A catalogue of 25 educational videos was distributed using the multicast technique in 100
schools in Tanzania. The overhead of the multicast transmission for error correction is
approximately 25% of the actual size of the content. Each video had an average size of 250MB,
and during the reported period, all videos were played 8419 times in total. The distribution of
the catalogue was repeated 6 times as not all the servers were online at the time of the
transmission, mainly due to power outages.
However, as iKnowledge and iMlango projects progress – both have been awarded Phase 2
funding – an expansion of the actual multicast capabilities can be described. More particularly,
within 2018 the multicast distribution technique will reach a total of 350 schools, both in
Tanzania and Kenya. More recently, AVANTI deployed another batch of content – 13 additional
videos – in 80 out of the 100 schools and within 2018 is also planning to deploy the 3rd batch
with 43 videos (25GB in total) as a trial only in 8 schools in Tanzania.
Business modelling for RIFE satellite-based services
AVANTI’s extensive experience in multicast projects over the past few years also provides
quantitatively figures that can be used to create a business model. This business model can
eventually demonstrate the cost-effective benefits of satellite multicasting, the caching
techniques and at a later stage the ICN integration. The business model is based on real numbers
that have been retrieved from the iKnowledge project for the period between 1st of September
2015 and 30th of September 2016. The business model aims to identify the break-even points
for the Caching Cost vs the Not Caching Cost. The following equations will be used in our analysis:
Equation A: Cache Cost = Streaming Cost (1 school)
𝐶𝑎𝑐ℎ𝑒_𝑐𝑜𝑠𝑡 = 𝑆𝑒𝑟𝑣𝑒𝑟_𝑐𝑜𝑠𝑡 + 𝑀𝑒𝑚𝑜𝑟𝑦_𝑐𝑜𝑠𝑡 ∗ (𝑉𝑖𝑑𝑒𝑜_𝑠𝑖𝑧𝑒 ∗ 𝑀_𝑐𝑎𝑐ℎ𝑒𝑑_𝑣𝑖𝑑𝑒𝑜𝑠)
+ 𝑇𝑟𝑎𝑛𝑠𝑖𝑡_𝐶𝑜𝑠𝑡 ∗ (𝑉𝑖𝑑𝑒𝑜_𝑠𝑖𝑧𝑒 ∗ 𝑀_𝑐𝑎𝑐ℎ𝑒𝑑_𝑣𝑖𝑑𝑒𝑜𝑠 ∗ 𝑂𝑣𝑒𝑟ℎ𝑒𝑎𝑑)
𝑆𝑡𝑟𝑒𝑎𝑚𝑖𝑛𝑔_𝑐𝑜𝑠𝑡
= 𝑉𝑖𝑑𝑒𝑜_𝑠𝑖𝑧𝑒 ∗ 𝐴𝑣𝑔_𝑝𝑙𝑎𝑦𝑠_𝑜𝑣𝑒𝑟_𝑎𝑙𝑙_𝑐𝑎𝑐ℎ𝑒𝑑_𝑣𝑖𝑑𝑒𝑜 ∗ 𝑀_𝑐𝑎𝑐ℎ𝑒𝑑_𝑣𝑖𝑑𝑒𝑜𝑠
∗ 𝑂𝑣𝑒𝑟ℎ𝑒𝑎𝑑 ∗ 𝑇𝑟𝑎𝑛𝑠𝑖𝑡_𝐶𝑜𝑠𝑡

© RIFE Consortium 2015-2018

Page 65 of 115

D4.2: Socio-economic validation (v1.0)

Equation B: Cache & Multicast Cost = Streaming Cost (N schools)
𝐶𝑎𝑐ℎ𝑒 & 𝑀𝑢𝑙𝑡𝑖𝑎𝑐𝑎𝑠𝑡 𝑐𝑜𝑠𝑡
= 𝑁_𝑠𝑐ℎ𝑜𝑜𝑙𝑠 ∗ [𝑆𝑒𝑟𝑣𝑒𝑟_𝑐𝑜𝑠𝑡 + 𝑀𝑒𝑚𝑜𝑟𝑦_𝑐𝑜𝑠𝑡 ∗ (𝑉𝑖𝑑𝑒𝑜_𝑠𝑖𝑧𝑒
∗ 𝑀_𝑐𝑎𝑐ℎ𝑒𝑑_𝑣𝑖𝑑𝑒𝑜𝑠)] + 𝐿_𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠 ∗ (𝑉𝑖𝑑𝑒𝑜_𝑠𝑖𝑧𝑒
∗ 𝑀_𝑐𝑎𝑐ℎ𝑒𝑑_𝑣𝑖𝑑𝑒𝑜𝑠 ∗ 𝑂𝑣𝑒𝑟ℎ𝑒𝑎𝑑 ∗ 𝑇𝑟𝑎𝑛𝑠𝑖𝑡_𝐶𝑜𝑠𝑡)
𝑆𝑡𝑟𝑒𝑎𝑚𝑖𝑛𝑔 𝑐𝑜𝑠𝑡
= 𝑁_𝑠𝑐ℎ𝑜𝑜𝑙𝑠 ∗ 𝑉𝑖𝑑𝑒𝑜_𝑠𝑖𝑧𝑒 ∗ 𝑀_𝑐𝑎𝑐ℎ𝑒𝑑_𝑣𝑖𝑑𝑒𝑜𝑠
∗ 𝐴𝑣𝑔_𝑝𝑙𝑎𝑦𝑠_𝑜𝑣𝑒𝑟_𝑎𝑙𝑙_𝑐𝑎𝑐ℎ𝑒𝑑_𝑣𝑖𝑑𝑒𝑜 ∗ 𝑂𝑣𝑒𝑟ℎ𝑒𝑎𝑑 ∗ 𝑇𝑟𝑎𝑛𝑠𝑖𝑡_𝐶𝑜𝑠𝑡)
Table 12 provides a detailed description on the system variables included in the previous
equations.
Table 12. Description of backhaul multicast system variables

Variable

Description

Server_cost

The actual cost to purchase a server to cache the content, and a
reasonable cost of 1000€ is assumed.

Memory_cost

The actual memory cost of the server, and a reasonable cost of 10€/GB
is assumed.

Video_size

As per the example, the actual video size is 0.25GB for the 1st and 2nd
batch of content while the video size for the 3rd batch is 0.58GB

M_cached_videos

The number of videos transmitted using the multicasting technique.

Transit_cost

The cost to transmit data over satellite. For the purposes of this
business model, the transit cost will be 100€/GB for day time/peak
hours and10€/GB for night time/low traffic hours. The night – time
price will be used to identify the time-shifting4 savings of the multicast
and caching techniques.

Overhead

The additional 25% of the bandwidth that is needed to perform error
correction on video transmission.

Avg_plays_over_
all_cached_video

The total number of the videos played divided by the number of videos
transmitted and divided by the number of schools receiving these
videos.

N_schools

The number of schools that the content has been multicasted.

L_iterations

The number of multicast repetitions, so all schools receive the content.
As per the available information, the content had to be transmitted 6
times.

Using equations A and B, the first variable under investigation was the number of videos
transmitted using the multicast technique in order to be more cost effective to cache the
content instead of streaming it. As shown in Figure 21, if the content is multicasted to only 1
school, the break-even point is 14 cached videos. The number increases to 16 if the content is
multicasted to 100 schools but again decreases to 15 when the content is multicasted to 350
4

Time shifting refers to planning the transmission of digital material during late night hours (off peak)
where there is a considerable less traffic load in the broadband network and usually the broadband
service is less expensive since the excess remaining bandwidth can be used at a much lower rate.
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schools. One should expect to have even greater reduction on the number of videos transmitted
when the number of schools increased. However, we need to take into consideration the
number of multicast retransmissions that adds in the total multicast cost. This exercise indeed
confirms that the actual number of videos transmitted within the iKnowledge and iMlango
projects provide a cost-effective solution.
Additional savings can be introduced if the content is transmitted off – peak hours (introduction
of time shifting). Particularly, the model becomes even more cost-effective since regardless of
the number of schools that actual number of videos reduces to 11. The result in visible in Figure
22.
The second variable under investigation is the average number of plays of all cached content at
the receiving schools in order to have a cost-effective solution. Based on the available
information, the total number of videos can vary from 25, 38 and 81, as these videos are being
multicasted to 100, 80 and 8 schools respectively. These three results are shown in Figure 23,
Figure 24, and Figure 25. Thus, assuming that the total number of videos is 25 the average
number of plays is 3 regardless of the number of schools (1, 100 or 350) the content is cached.
The same results (average number of plays = 3) are also extracted when increasing the total
number of videos to 38 and the number of schools is 80.

Number of cached videos
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1
1
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Transit cost (1 school)

Cache server cost (100 schools)

Transit cost (100 schools)

Cache server cost (350 schools)
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Figure 21. Cached Vs Streaming Cost for 1 school, 100 schools and 350 schools (Variable: Number of cached videos)
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Figure 22. Cached Vs Streaming Cost for 100 schools – time shifting savings (Variable: Number of cached videos)

1 school, 100 schools and 350 schools
Cached-videos: 25
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Cache server cost (1 school)
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Cache server cost (350 schools)

Transit cost (350 schools)

Figure 23. Cached Vs Streaming Cost for 1 school, 100 schools and 350 schools (Variable: Avg number of plays)

A slightly different trend is available when the total number of videos increases to 81 and at the
same time the total number of schools is reduced to 8. Particularly, if 81 videos are cached only
to 1 school then the average number of plays is reduced to 2. On the contrary, when 81 videos
are multicasted to 8 schools, the average number increases to 8.
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1 school and 80 schools
Cached-videos: 38
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Figure 24. Cached Vs Streaming Cost for 1 school and 80 schools (Variable: Avg number of plays)

1 school and 88 schools
Cached-videos: 81
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Figure 25. Cached Vs Streaming Cost for 1 school and 8 schools (Variable: Avg number of plays)

Last but not least, the business model investigates what is the minimum number of schools that
the content needs to be cached so multicasting will be more cost-effective than streaming. As
shown in Figure 26, cache and multicast cost is much more cost-effective compared to the actual
streaming cost when the number of schools is more than 29.
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Figure 26. Cached Vs Streaming Cost for 25 videos (Variable: Number of schools)

It is expected that further savings can also be introduced with the integration of ICN. However,
this business model has not been expanded further since the ICN integration is not currently in
use within iKnowledge or iMlango.

Results
To summarize, the adoption of the aforementioned business model extracts some interesting
findings that are listed below:
Conclusions

Benefit

The usage of the multicast technique and the Reduction of the actual satellite bandwidth
adoption of a cache server introduces savings used
compared to live streaming of the content.
Reduction of the total cost
Additional savings are introduced when time- Utilization of the available, less expensive
shifting is used.
capacity during the off peak hours
The usage of the multicast technique and the
adoption of a cache server scales up with the
number of schools. As the number of schools
increases, the number of cached videos is
reduced)

The multicast technique is much more cost
effective when the actual number of schools
that receive the multicast content is much
larger than the break-even point.

Savings are introduced when the average The multicast technique is much more cost
number of plays over the cached content is effective when the average number of plays
above a minimum threshold.
over the cached content is much larger than
the break-even point.
The average number of plays increases when The multicast technique is much more cost
the number of cached videos increases and effective when the number of cached videos
the number of schools reduces.
is much larger than the break-even point.
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New service categories for the satellite backhaul
In this section, we evaluate the technical solution named “opportunistic satellite” which is
described in deliverable D4.3 [Seli18]. This solution aims to optimize the utilization of the unused
satellite link resources without interfering with traffic of primary customers. More importantly,
this solution would enable the establishment of new communication flows that might be used
by an opportunistic user.
Based on the technical description, we identify new service categories in addition to the
traditional primary consumer:
•

Primary service: This category maintains the service conditions existing in the market
thus guaranteeing service continuity.

•

Secondary service: This category would enable access to a limited catalogue of services
under the following restrictions:

•

o

to wait for a given content access up to several hours (can be a maximum of
time, e.g. 24h)

o

and/or to access service only at predefined hours of the day

Opportunistic service: This category does not guarantee any service conditions thus
access is unpredictably available.

Communication flows (e.g. IP flows) belonging to these categories can be assigned to multiple
systems on the remote side (e.g. behind the VSAT terminal). For example, the served flows can
assigned to IP address of the destination during their login in the system, or via other service
criteria such as: type of service, domain name, content identifier, and source IP address.
Therefore, this solution enables systems on the remote side to interact via the satellite link
according to their local needs. For example, implementing time-shifting of content placement
via the secondary or opportunistic categories.

Evaluation of the field trial
Introduction
This section builds upon the technical evaluation of the field trial described in RIFE deliverable
D4.3 [Seli18]. Firstly, this section briefly describes the design decisions that guaranteed the
technical feasibility of the field trial. Secondly, it discusses the results of the technical evaluation
from an operator point of view, providing an update on the initial deployment architecture and
on the observed operational benefits.
The initial plans in the description of work foresee to deploy an AdHoc Wi-Fi network.
Nevertheless, due to the requirements set during the first half of the project (need of static
routes, need of dedicated Layer 2 reachability between ICN forwarders, etc.) the
“infrastructure” mode with “hybrid supernodes” was eventually selected. The implemented
solution allows the coexistance of IP and ICN traffic in parallel.
Two experimental facilities have been deployed and made operational instead of only one. One
of the deployments is in a laboratory environment, and it is a partial replication (three
supernodes) of the on-the-field deployment (six supernodes – see Figure 27) .The number of
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end-user nodes eventually deployed (>50 and increasing) is above the one committed in the
proposal (~40). The experiments were first conducted in the laboratory’s deployment. Both
deployments are integrated into the guifi.net network, connected to the Internet through fibre
uplinks, and the field-trial accounts for two Very-small-aperture terminal (VSAT) links.

Figure 27. Backbone of the field-trial deployed

Update on the deployment architecture
Two extra functionalities (in addition to the ICN ones -forwarder, network attachment points,
and rendezvous-topology manager) have been added to the two deployments:
•

AUX function: an IP device connected to the switch with all the Virtual Local Area
Networks (VLANs) of the corresponding NAP and an IP per VLAN of the corresponding
IP range. One per supernode in the lab as well as in the field trial.

•

CLI function: an IP device connected to one of the Access Point ports of the router with
30 Linux Containers (LXC) for the emulation of an entire Access Point and its
corresponding households. One per supernode in the lab and in two supernodes in the
field trial.

Following the same approach than ICN network functions, these new functions are placed on its
own dedicated device, as shown in orange colour in Figure 28.
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Figure 28. Updated deployment architecture

Operational benefits
The main operational benefits derived from the IP-ICN coexistence are listed as follows:
•

The IP network can be used as a backup network if the ICN network fails. This saves a
lot of on-the-field manual interventions.

•

The IP network is used for the management of the ICN network

•

The transition from IP to ICN can be very gradual (per Access point) and can be easily
reverted (atomic operations). The previous experiences were all-at-once transition
based.

•

The additional deployment in a laboratory environment saves a lot of manual
intervention on-the-field due to unforeseen misbehaviours.

The following list provides a list of operational benefits for the ICN network alone.
•

The development of a consistent naming scheme for: interfaces, links, VLAN tags, node
identification, etc.

•

Establishment of efficient mechanism for the configuration of devices (e.g. less error
prone).

•

Establishment of mechanism validating the correctness of the deployment including the
validation that RTMV and MOOSE functions coexist without interface.

•

Availability to fine tune the Linux Kernel features.

•

Establishment of mechanism facilitating debugging (e.g. ability to test OVS switches,
identification of problematic patterns).

•

As a result, we obtained an improved scalability on operational settings.
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5 ALTERNATIVE NETWORK AND OPERATOR MODELS
Alternative networks and operators have globally emerged connecting users to the Internet in
commercially underserved areas. This emergence has been linked in Section 2.2 and [AAI2016]
with the lack of investment by nationwide operators due to the high cost per user. In this
context, finding alternative deployment models that mitigate the cost of communications is a
matter of urgent concern, as highlighted by the numerous relevant initiatives worldwide,
including the Global Connect Initiative5; Internet for All6;1World Connected7; and the UN
Internet Governance Forum ‘Policy Options for Connecting and Enabling the Next Billion’
framework8. We note that a number of sessions at the latest Internet Governance Forum,
convened by the United Nations in Guadalajara, Mexico, in December 20169, were devoted to
the discussion of this issue.
In this section, we provide an update on the definition and classification of alternative networks,
and we analyse opportunities for these operators employing the unlicensed spectrum in India
and the TVWS globally.

Alternative networks
Alternative Networks are considered those that share some of the following characteristics:
•

They have a relatively small scale.

•

They may follow decentralized approaches.

•

The investment in infrastructure may be low and may be shared by independent users,
commercial and non-commercial entities.

•

Users may be involved in the design, deployment, maintenance and daily operation of
the network.

In particular, we explain the criteria and present a classification of Alternative Networks into
four distinct types, detailing the main characteristics of each one, as well as the technologies
they rely on through real-life examples. To the best of our knowledge, this classification does
not exist in the literature and provides a guide to people interested in non-traditional
deployments, ranging from researchers to community members, and a set of references for
further research into each of them.
Classification Criteria
After a detailed study of existing deployments and a lengthy discussion within the IRTF Research
Group, five criteria that differentiate existing Alternative Networks have been identified. We
note that the criteria are not “fully orthogonal”, as is obvious from the description of the
different network types. In particular, the classification criteria include the following:
The entity behind the Network: The entities or individuals that start, manage and push the
network can be a public stakeholder, a community of users, or even a private company. Each of
these entities can build and manage a network on their own or collaborate with each other,
sharing network resources (e.g. “crowdshared” approaches). In Figure 29, we depict the three
5

https://share.america.gov/globalconnect/
https://www.weforum.org/projects/Internet-forall
7
http://1worldconnected.org/
8
http://www.intgovforum.org/cms/policy-options-for-connection-the-next-billion
9
https://igf2016.sched.com/
6
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possible promoting entities and showcase where the different types of Alternative Networks
(detailed in the next subsection) fall.

Figure 29. The entity behind the network and type of Alternative Network [SASB17]

Purpose: The purpose and benefits of Alternative Networks can be classified depending on their
economic, political, social or technological objectives. Both the society as a whole and specific
actors can enjoy the benefits provided by these networks, such as:
•

Extending coverage to under-served areas (users and communities).

•

Providing affordable Internet access for all.

•

Reducing the initial capital expenditures (CAPEX) for the network, end user, or both.

•

Providing additional sources of capital beyond the traditional carrier-based financing.

•

Reducing ongoing operational costs (OPEX) such as backhaul, power provisioning or
network administration.

•

Reducing hurdles to adoption as digital literacy or literacy in general.

•

Leveraging expertise and having a place for experimentation and teaching, including
research purposes.

•

Sharing connectivity, resources and local content.

As far as users are concerned, other underlying motivations may be present:
•

Their desire for affordable sharing of Internet connectivity.

•

The experience of becoming active participants in the deployment and management of
a real and operational network.

•

Raising awareness of political debates around issues like network neutrality, anticensorship and more.

Administrative Model: The administrative model can either be centralized, where a single entity
plans and operates the network, or non-centralized, where the network is managed following a
distributed approach, in which a whole community may participate, including the enhancing of
the network by the addition of new users.
Technologies Employed: Alternative Networks employ a variety of technologies to achieve
connectivity, including optical fibre, femtocells, variations of Wi-Fi, WiMAX and dynamic
spectrum access solutions. Figure 30 depicts these technologies and the type of Alternative
Networks where they are usually employed. Other options may exist, but the most common
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ones have been included in the figure. Optical fibre has been used in cases where national
service providers decline to bring connectivity to isolated villages, so the community decides to
build their own fibre network. Such examples include Lowenstedt in Germany and parts of
Guifi.net in Spain, which consists of more than 34,000 nodes [Cerd12].
Typical Scenarios: Based on the challenges described above, Alternative Networks can be found
in urban/suburban and rural areas of both “Global North” and “Global South” countries,
although some types of networks are more typical in certain zones.

Figure 30. Employed technologies and type of Alternative Networks [SASB17]

Common Types of Alternative Networks
Having defined the classification criteria, we present a classification of Alternative Networks.
Four different types of networks have been identified, explained in detail below, including some
real-world examples for each one.
Wireless Internet Service Providers (WISPs): Wireless Internet Service Providers are commercial
entities that use wireless technologies in order to create the infrastructure required to provide
Internet and/or Voice over IP (VoIP) services. They are common in areas not covered by
traditional operators. WISPs mostly employ wireless point-to-multipoint links using unlicensed
spectrum. However, these bands face challenges in some places, either for the overcrowding of
such spectrum, which compromises the quality of service, or where the regulatory framework
forbids its use. In these cases, WISPs are resorting to the use of licensed frequencies. Local
companies operate most WISPs, responding to a perceived market gap. Nevertheless, a nonnegligible number of WISPs, such as AirJaldi in India, have expanded from local service into
multiple locations. For the past decade, most WISPs using cloud-managed solutions have been
in the “Global North” markets. In 2014, a similar cloud-managed service initiative, aimed at the
“Global South” markets, appeared; Everylayer uses a proprietary cloud-based platform to
coordinate low-cost Wi-Fi and fibre optic high-speed last mile connections.
Shared Infrastructure Model: Because of the low returns expected, operators may be reluctant
to deploy network infrastructures in large, sparsely populated areas. This happens when the
usual model is followed, in which a mainstream operator deploys and owns the infrastructure
or rents it to/from other companies. However, if a community of users already owns a network
infrastructure (e.g., connecting a public building, a medical dispensary, and so on), it can be
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shared with an operator, resulting in a win-win scenario. On the one hand, the operator
significantly reduces their initial investment, as CAPEX is mainly associated with the deployment
of the access network, in exchange for a small increase in the OPEX caused by the renting of the
infrastructure. On the other hand, the users gain access to telecommunications services, and get
some income from the operator, which can be used for maintaining and improving their
network. Although this kind of win-win situation could happen in any country, it is typically found
in rural areas of the “Global South” where no universal service regulations are in place. In cases
where incumbent operators were reluctant to deploy rural infrastructures because they did not
find it profitable to serve small rural communities, communities or their local institutions
deployed their own infrastructures, often with public funds or support from development
agencies. One example of this model is the deployment of 3G infrastructure in rural areas where
a broadband community network was already in place. In these cases, placing a femtocell in
close proximity to the community and sharing the Internet backhaul connection benefits both
the users (by obtaining low-cost 3G coverage) and the operator (by avoiding the costs of
deploying new infrastructure). Real use cases have been described in the European Commission
FP7 TUCAN3G project, which deployed experimental testbeds in two regions in the Amazon
forest in Peru [Cons14]. In these networks, the operator and several rural communities
cooperated to provide services through rural networks built.
Crowdshared Approach: This type of Alternative Network corresponds to a set of Wi-Fi routers
whose owners share common interests (e.g., sharing connectivity, resources or peripherals)
regardless of their physical location. Crowdshared approaches conform to the following idea. A
home router hosts two wireless networks, one for serving the owner, and another for public
(shared) access, offering a small fraction of the bandwidth to any user of the service in the
immediate area (some examples are described in [SMGG14]). A governmental initiative
corresponds to the networks created and managed by city councils (e.g., [HHVW10] ), which act
as virtual network operators (VNOs). Other entities that act as VNOs can be grass root user
communities, charities, content operators or smart grid operators. Similarly, some companies
(e.g., FON and Vodafone) also promote the use of Wi-Fi routers with dual access (a dedicated
Wi-Fi network for the owner, and a shared one for public access). After having a community of
users sharing their routers, the members of this community can share their connection and, in
turn, get access to all other community resources. In some cases, the owners of the Internet
connection can benefit from the temporary leasing of their equipment to nomadic users that
connect to Wi-Fi access points. Some other users outside the community can pay passes to gain
network access. Traditional network operators have a financial incentive to lease out the unused
capacity at a lower cost to the VNOs, producing revenues for both the VNOs and the sharers
[SaCr13]. Thus, an incentive structure is created for all actors: end users get money for sharing
their network, and network operators are paid by the VNOs, who in turn accomplish their socioenvironmental role. Some mainstream operators ship their routers with pre-installed
crowdsharing functionality to ease the community formation process.
Community Networks: Community Networks are large-scale, self-managed networks that are
built and organized in a non-centralized and open manner. As participation in a Community
Network is open, they grow organically, since new links are created every time a host is added.
This is done via the sharing of an open peering agreement among all members, with the common
objective of freely connecting them and increasing network coverage. In this sense, members of
a Community Network are not only users, but active contributors to the network. In most cases,
members keep ownership of the part of the infrastructure they have contributed to build. Thus,
the network presents a high degree of heterogeneity with respect to the devices used in the
infrastructure and its management. This results in increased entropy, as different protocols (e.g.,
routing) may be used in different parts of the networks. However, on the positive end, it allows
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the increase of the network size without incurring in major costs. One example that represents
this model is Guifi.net which has shown an exponential growth rate in the last decade, both in
the number of nodes and end users [Cerd12]. Guifi.net covers both urban and rural areas,
usually connected through long-distance links (the so called community mesh approach). In
networks covering remote rural areas, tree and mesh topologies are frequent because they
follow available terrestrial infrastructures such as rivers or roads that connect villages to the
closest well-connected city. Given that the ownership of the network is open and noncentralized, Community Networks incentivize the transfer of knowledge in order to maintain
and expand the existing infrastructure. Another characteristic resides in the way community
members organize themselves not only to control the usage of the network, but its operation as
well, as certain tasks like IP addressing and routing require a minimum governance
infrastructure. This participatory model has proven to be effective in connecting sparse
populations, which is key for the enhancement and extension of digital Internet rights. This
participatory model also plays a role in the range of services offered by a Community Network,
which can be used as a backhaul for services that are either completely free or commercial,
depending on the preferences of their members.

Opportunities exploiting the unlicensed spectrum: case India
Alternative operators typically employ the unlicensed spectrum since this can be easily exploited
via low-cost technical solutions. To identify opportunities for these operators, this section
studies the scarcity of licensed spectrum in India. We select India since the available licensed
spectrum per subscriber in this country is relatively small compared to other countries, as shown
in Table 13. To this end, this section first introduces how spectrum is allocated in India and
second studies its current availability and usage.
Table 13. Country comparison on licensed spectrum

Country

Current
availability
(MHz)

Number of cellular
subscribers (in
millions)

Number of
mobile
operators

Spectrum per
subscriber(Hz)

4G Speed
(Mbps)

India

221

1127

0,2

5-10

6,39

USA

608

416,7

1,5

5

13,95

China

227

1364,9

0,16

3

21,74

Finland

398

7,3

54,52

3

24,34

Australia

478

26,5

18

3

32,5

Germany

615

94,4

6,51

3

20,3

Japan

500

164,2

3,04

3

22,38

Background: spectrum allocation though Telecom Circles
India is divided into 22 telecom circles which are grouped into four different local service areas
(LSA). The classification is done based on population density, subscriber base and also revenue
potential. Figure 31 shows average population and subscriber densities for each LSA.
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Figure 31. LSA basic features

India has around 11 operators operating in different telecom circles. But no telecom circle has
all the 11 operators operating. The least number of operators in a telecom circle is 7, and the
maximum number of operators operating a telecom circle is 10.
Data and analysis
The data for the analysis has been gathered from different sources such as, the spectrum
holdings of the telecom service providers are from the Wireless Planning and Coordination wing
which is a part of the ministry of telecommunications in India. The data is related to the year
2015. The wireless subscriber base is taken from the TRAI reports, and it is also from the year
2015.
We have considered ‘weighted average’ for the analysis of variables for local service areas. The
reason for this is that we have taken into consideration the concentration of markets in each
telecom circle since all telecom operators do not have an equal market share. Hence the
parameters such as HHI Index10, the spectrum holdings by operator and subscriber is weighted
by the number of subscribers to that particular local service area.
Visualizations present results for telecom circles and local services areas. However, telecom
service data points are presented grouped by local services areas in vertical columns.
Spectrum availability
Figure 32 gives us an overview about the spectrum holdings of operators for individual telecom
circles through data points (black dots), and for LSAs through weighted average and the median
values (red and blue lines). This figure also shows how telecom circles in LSA ‘B’ have the
maximum operator spectrum holdings compared to any other telecom circle. The least spectrum
holdings per operator in seen in LSA ‘A’ and Metro region.
10

HHI is calculated as the sum of the squared market shares (information is extracted from annual reports
of operators and regulators) in terms of the number of subscriptions of each MNO, MVNOs are not taken
into account. Bound values are 0 which indicates perfect competition and 1 which indicates monopoly.
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Figure 32. Operator spectrum holdings among the telecom circles and LSAs

Figure 33 shows that subscribers in LSA ‘A’ get on an average 3.29 Hz of spectrum, while
subscribers in LSA ‘C’ have around 9.38Hz. This difference is consistent with the fact that,
although telecom circles in LSA ‘A’ and ‘C’ have similar amount of allocated spectrum, those in
LSA ‘C’ present low subscriber density. Most importantly, we identify telecom circles in LSA as
the ones suffering the most from spectrum scarcity.

Figure 33. Spectrum availability per subscriber among telecom circles and LSAs

Spectrum usage
Figure 34 shows how mobile penetration is highest in the metro region and decreases along LSAs
A, B and C.
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Figure 34. Service penetration among telecom circles and LSAs

Similarly to service penetration, Figure 35 shows how market concentration is highest in the
metro region and then decreases along LSAs A, B and C. The lower HHI index nearing 0 indicates
high competition and the higher HHI index indicates low competition.

Figure 35. Market concentration among telecom circles and LSAs

Results
Although market concentration is minimum in the LSA metro, we observe that subscribers do
not suffer from spectrum scarcity compared to other LSAs. In contrast, subscribers in LSA ‘A’ and
‘B’ are suffering the most from spectrum scarcity with the lowest spectrum per subscriber. We
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speculate that this scarcity might be the cause for the relatively low penetration levels which
are comparable to ‘C’.
Although market concentration in LSA ‘A’ and ‘B’ is low (high competition), alternative networks
could exploit the unlicensed spectrum to increase overall broadband available capacity thus
fostering service penetration. Although licensed spectrum is abundant in LSA ‘C’, community
operators could also exploit the unlicensed spectrum, given the lower costs per user of their
technical solution.

Opportunities exploiting the TVWS
In this section, we present an extensive measurement campaign collected with different lowcost devices and from four different continents11. We make particular emphasis on developing
regions, classified through the Internet Affordability Position provided by the Alliance for
Affordable Internet (A4AI)12. The ranking showed in the 4th column of Table 14, was obtained
from the Affordability report as of 2014. The collection methodology can be found in [BPZB15].
As shown in Table 14, the number of white spaces assessed with our approach accounts
between 39% and 86%, in urban areas, of the A4AI report's countries. Surprisingly, well-known
developed regions such as Canada or Italy show available white spaces of 74% and 86%,
respectively, on the measured cities.
Table 14. Collected journeys in the TVWS measuring campaign

Country

City

Total
Distance
(KM)

Internet
Affordability

Average
White
Spaces (%)

Costa Rica

Muelle, Santa Clara

134.5

1

83

Mauritius

Pereybere, Sottise, Valle des Pretres, 93.4
Engrais Martial, Camp
Caval, Moka, Minissy, Saint Antoine

7

48

Ecuador

Puerto Aroya

5.2

8

46

Argentina

Ezeiza

41.4

9

39

Morocco

Chefchaouen Kasbah, Tahar, Douar 44.7
Cheikh Driss, Ouled Sidi Chiekh, Bou
Touil

12

46

Venezuela

Merida, Barquisimeto, El Vigia

1000

37

86

Mozambique

Boane, Sommerschield

145.6

42

70

Canada

Lunenburg

0.1

N/A

86

Comoros

Anjouan, Grande Comore

40.3

N/A

87

Italy

Trieste

0.1

N/A

74

Liberia

Central Monrovia, Kpegoa

62.9

N/A

62

11

The complete collection is freely available at http://wireless.ictp.it/tvws
http://a4ai.org

12
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Results
This chapter presented alternative network and operator models which are emerging globally
to provide Internet connectivity in commercially underserved areas. In addition, this chapter
identified Indian regions in which the licensed spectrum is scarce thus limiting the penetration
of mobile services. In order to accelerate the diffusion of broadband services, we consider these
regions as opportunities for alternative networks and operators to exploit the unlicensed
spectrum. Nevertheless, the observed low market concentration in these regions might indicate
that alternative operators might struggle if existing operators decide to compete instead of to
cooperate. Finally, this chapter confirms the availability of unused spectrum in TVWS which
could be exploited not only in emerging markets, but also in advanced ones.
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6 VALIDATION OF THE RIFE VALUE NETWORK
CONFIGURATIONS
Introduction
Combining results from previous chapters and deliverables, this chapter proposes three VNCs
which describe industry architectures enabled by the RIFE architecture and associated
technologies. These VNCs update initial versions from D4.1[SMHB17]. In order to validate these
updated VNCs, we evaluate the business model of the economic actor with a leading position in
the VNC via the Business model canvas (BMC) method. In addition, the VNCs are validated
against current broadband services through the socio-economic KPIs assessing their ability to
reduce costs, allow competition, and attract subsidies.
In order to elaborate the RIFE VNCs, we first identify services which are dominant in the current
broadband market including the satellite broadband solution and the terrestrial WISP solution.
Second, we specify these solutions by defining their service conditions and deployment
structure. We name the combination of service conditions and deployment structure, a
configuration. Hence, the before-RIFE configurations are: the satellite broadband configuration
and the Terrestrial WISP configuration.
Based on these two real-world configurations, we envision the RIFE reference configuration
which incorporates new technical elements and functionalities from the RIFE architecture
defined in RIFE deliverable D3.3[KBSA17]. Finally, starting from the reference configuration, we
propose two alternative VNCs benefiting from the RIFE competitive advantages derived from
alternative business models (from Chapter 5) and RIFE technical advantages (from Section
3.6.3).

Before-RIFE configurations
Satellite broadband configuration
Service conditions
The current satellite broadband service is typically provided to customers under three
conditions. A data volume cap, a bandwidth sharing ratio, and an access policy.
The broadband service offered to the customers is a bundled product sold according to a fixed
amount of data (volume), a maximum speed (bandwidth) for a specific billing period (usually on
a monthly basis), and in a post-paid manner. If the customer reaches the pre-assigned volume
(e.g. 5 Gbytes), then the service can be either ceased or reduce the speed to the minimum (e.g.
128kbps). To retrieve the initial speed, the customer will need to purchase additional volume or
wait for the new billing period to start. Once the additional volume is being purchased, the speed
returns to nominal.
The bandwidth is shared with other end users. The broadband service is based on contended
(oversubscribed) bandwidth, meaning a number of users are sharing the same pool of
bandwidth (e.g. 50:1).
Fair Access Policy (FAP) ensures that the available satellite broadband network is fairly shared
across all the customers. For every customer, there is a maximum amount of bandwidth/volume
that can be used over a fixed time period (e.g. 24hrs or less). Customers that consume more
bandwidth / volume than the average user will experience reduced speeds as a result of
exceeding their maximum amount ensuring that the majority of the customers will have a better
experience as a result of the FAP.
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Additional service conditions may apply depending on the service grade (e.g. consumer,
professional), region (e.g. Europe, Middle East, and East Africa), currency, and the customer
minimum required commitment. For example, a relevant additional service condition is the free
data usage during night time (e.g. in East Africa between 10pm to 5am UTC).
The following base conditions are used as starting point of the sensitivity analysis:
● 5 Gbytes data volume cap per billing period,
● 1 month billing period subscription,
● 15 Mbps maximum download bandwidth (consumer class VSAT terminal),
● 128 kbps reduced download bandwidth,
● 2.5 Mbps maximum upload bandwidth,
● 50:1 oversubscribed bandwidth ratio,
● 1 customer with a total of 5-10 simultaneously connected users using the satellite link,
(consumer class VSAT terminal)
● Free data usage during night time between 10pm to 5am UTC.

Deployment structure
Figure 36 defines the deployment structure including technical components available in the
market.

Satellite broadband configuration: deployment structure

Figure 36. Satellite broadband deployment structure
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Terrestrial WISP configuration
Service conditions
The current terrestrial WISP broadband service is typically provided to customers via flat-rate
pricing, usage-based pricing or block pricing. These pricing structures might be charged either in
advance (pre-paid) or, at the end of the billing period (post-paid). In addition, upload and
download bandwidth are typically limited by a maximum nominal value. Finally, fixed-telephony
services are usually offered as part of the same bundle with no additional costs.
According to a survey on 21 operators in 16 countries [Sat2015], the ﬂat-rate pricing model is
the most popular due to lesser administrative overhead and ease of billing. Usage-based pricing
is also popular with 71% of the operators having partly used this scheme.
Another relevant service condition is the oversubscription rate which highly varies between
WISPs. This might lower the customer satisfaction and lead to customer loss in competitive
environments. For example, micro-ISPs tend to increase the oversubscription rate to reduce
CAPEX, given their impossibility to redistribute losses due to its size. In the case of GUIFI.NET,
oversubscription rate is explicitly defined in the Service Level Agreement defined between ISP
and customer. Moreover, GUIFI.NET requires ISPs to sign a quality of service agreement in order
for these to access the community network.
The following base conditions are used as starting point of the sensitivity analysis based on
GUFI.NET ISPs:
● Flat fee pricing structure per billing period,
● 3 Mbps maximum download bandwidth,
● 3 Mbps maximum upload speed,
● A total of N customers,
● 1 month billing period subscription.
Configuration deployment structure
Figure 37 defines the deployment structure including technical components available in the
market.
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Figure 37. Terrestrial WISP configuration
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RIFE reference configuration
Table 15 summarizes the potential competitive market advantages derived from the RIFE reference configuration.
Figure 38 defines the deployment structure for the RIFE reference configuration. Technical components are described in RIFE deliverable D3.3 [KBSA17]
Table 15. Potential market competitive advantages

Technical advantage

Enabling technology

Conducted evaluation

Market competitive
advantage

Backhaul optimization

● Backhaul dissemination strategies
● Edge cache

● Section 4.3 Satellite backhaul
multicast
● Section 4.4 New service categories for
the satellite backhaul

● Transit cost reduction

Fronthaul optimization

● Fronthaul dissemination strategies
● Edge cache

● Section 4.1 Feasibility evaluation of IPover-ICN fronthaul
● Section 4.2 Benefits of Picasso

● Efficiency increase

Deployment of local
services

● Backhaul dissemination strategy
● Fronthaul dissemination strategy
● Edge cache

● Section 4.1 Feasibility evaluation of IPover-ICN fronthaul
● Section 4.4 New service categories for
the satellite backhaul

● Service categories with
different QoS

IP-ICN coexistence

● AUX and CLI network functionalities

● Section 4.5 Evaluation of the field trial

● Slicing into ICN and IP
networks
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Figure 38. RIFE reference configuration
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RIFE value network configurations
This subchapter presents two VNCs. We deﬁne a value network conﬁguration as a set of business
actors that provide one or more business roles by the execution of technical components and
this way create value through services [Cas2010][BeHa16]. For this purpose, business actors and
roles are described in advance with reference to the business requirements included in RIFE
deliverable D2.1 [RTTB14].
Business actors and roles
Table 16 describes the major actors in the provision of Internet services, their definition in the
context of this chapter, and their main objectives. The traditional actors are complemented with
actors from alternative network deployments (e.g. community operator)[SASB17]. In addition,
Table 17 describes the business roles in the socio-economic scenario as well as technical
components. Business roles are discrete set of responsibilities which cannot be subdivided in
smaller units of meaningful business.
Table 16. Value network actors

Actors

Definition

Objectives

Citizen and local
business

Customers aim at maximizing economic surplus by
accessing services and content at the most
affordable price. Customers develop loyalty to
service providers based on satisfaction and quality
of service.

●
●

Connectivity
Price affordability

Local community

Members of the local community share similar
perceived value regarding the broadband service.
Leader top-down influence can modify user
preferences. An organized community could
embrace cooperative management of networks
and gain bargaining power.

●
●

Local awareness
Local commitment

Traditional network
operators

●

Wireless Internet Service Provider (WISP) Regional operator implementing 802.1X
technologies (e.g. Airjaldi, India).
● Satellite operator - The satellite operator
routes traffic from the fronthaul to the
Internet (e.g. satellite operator such as AVANTI
PLC).
Local operator which governs the network as a
common-pool resource. Community members
adopt a volunteer or professional role and can
provide services (e.g. Internet gateway, VOIP,
infrastructure installation) to other members
according to an agreement/license.

●

To increase number of
subscriptions
To increase ARPU
To low OPEX
To low CAPEX

The Content provider serves digital content under
particular contractual conditions.

●

Community
operator

Content provider

●
●
●

●
●
●

●
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Table 17. Value network business roles

Business roles

Responsibility

Technical components

Customer

Responsibility to use the available services.

●

Access provision

Responsibility to guarantee network
connectivity to the user equipment (UE). It
could implement IEEE-based access
technologies such as Wi-Fi.

●
●

Gateway provision

Responsibility to aggregate fronthaul traffic
and route it towards the Internet or Edge
caching server.

●
●
●

Internet provision

Responsible for routing aggregated traffic to
the Internet.

Content provision

Responsibility for contractual conditions
required for content distribution.

●
●
●
●

Video on demand
(VOD) application
Base station (BS)
Access gateway

BS gateway
Border gateway
Edge caching server
(ECS)
VSAT terminal
Gateway earth station
(GES) terminal
Internet gateway
Global content

Satellite operator driven-VNC
In this VNC, a satellite operator assumes the following business roles: Internet provision,
Gateway provision and the Access provision, as shown in Figure 39. As a result, the satellite
operator controls the complete solution and offers Internet service directly to customers.
Benefits
The satellite operator might benefit from all competitive market advantages defined in Section
6.3, given that it controls the business roles operating the key network infrastructure in a
centralized way.
Costs
The satellite operator is responsible for installing, maintaining, and operating the complete
solution. The satellite operator benefits from scale benefit when negotiating with providers (e.g.
bargaining power with equipment providers).
Revenue model
The satellite operator might collect revenues not only via Internet subscriptions from customers,
but also from content providers interested in locating content (or services) in the ECS. This way,
the satellite operator might sign caching contracts that guarantee the content QoS delivery in
the fronthaul network. A minim hit-rate on the local content (or service) is required for the
content provider to sign such agreement.
Internet subscription pricing
The satellite operator might offer several global, static service plans similarly to the before-RIFE
service conditions. A possible innovation would be, for example, to create a different pricing
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schemes in which local services would have a larger volume cap.

Figure 39. Satellite operator driven-VNC

Community operator driven-VNC
In this VNC, a satellite and a community operator (terrestrial) cooperate to provide broadband
services. While the community operator assumes the Gateway and Access provision roles, the
satellite operator assumes the Internet provision role thus providing backhaul connectivity via a
transit contract, as displayed in Figure 40.
Benefits
Regarding the market competitive advantages from section 6.3, the community operator might
benefit, at least, from fronthaul capacity utilization and the deployment of local services. This
operator might also benefit from backhaul capacity increase and transit cost reduction
depending on the transit contract conditions with the satellite operator.
Costs
The community operator is responsible for installing, maintaining and operating all the network
infrastructure except for the satellite link. Since community operators typically enforce open
access policies to their infrastructure, the purchasing; installation; maintenance; and
operational costs might be shared among community members (e.g. node sponsoring, cofunding, co-investment). Given the small and local nature of the community operator, it might
also benefit from additional cost reduction as a result of subsidies (e.g. municipal funds,
volunteer work).
Revenue model
The satellite operator collects revenues from the community operator via transit contract. On
the other hand, the community operator collects revenues via Internet subscriptions from
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customers. The community operator ability to reach caching contracts with content providers
might be limited by its small customer base, which does not guarantee a minimum content hitrate. Moreover, the community operator faces problems to cache content because of the endto-end encryption of communications. Nevertheless, the local cache (or service) might be
community-generated or sponsored.
Internet subscription pricing
Similarly to [NDRM00], the community operator could offer two pricing structures to
differentiate traffic served either via the ECS, or via the satellite link. First, a block pricing
structure could be employed to access content via the satellite link. Second, a more affordable
tariff or different structure (e.g. flat-fee pricing) could be charged to access the ECS content via
the Access network, the utilization of which, might not be as high. Under certain circumstances,
the customer might benefit from direct subsidies (e.g. customers are subsidized by an NGO or
an advertiser).

Figure 40. Community operator driven-VNC

RIFE business model canvases
Finally, we envision business models for the economic actors in the leading position for the two
RIFE VNCs.
Satellite operator business model canvas
The satellite operator model defined in the satellite operator driven-VNC targets the following
use cases: e-health, e-education and e-tourism. These are described in in RIFE deliverable D2.1
[RTTB14]. This operator model will enable both educational and healthcare services to access
already existing global e-learning/e-health services as well as to deploy some locally. In addition,
operators would be able to serve a larger number of education and health facilities in a more
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scalable manner. Regarding hospitality and tourism sector, individual customers could rely on
satellite-controlled local services for supporting their daily activities (e.g. asynchronous update
of electronic health records, tourist guides).
Customer segments
The target customer belongs to the corporate segment which is located in underserved areas
and requires a reliable Internet connection. For example, government offices, hospitals, hotels,
schools that have several buildings in the same compound. Other targeted segments are NGOs,
international donors, and charitable foundations that will emphasize in addressing sustainable
development in these underserved areas. Although this operator might target first existing
satellite clients, this can also be offered to non-satellite customers as a backup system for
mission critical services.
Value propositions
The satellite operator model provides an improved, reliable Internet service to organizations
that require campus wireless coverage. More importantly, local services are managed by the
operator thus guaranteeing QoS for organization’s critical services (e.g. project management or
collaborative tools). Thus, this operator model promotes the sustainable development of
underserved regions improving the productivity of medium-size and large organizations.
Channels
Via existing commercialization channels as an extension/upgrade to current satellite services.
For non-satellite customers, this can be offered directly since the potential customer base is
limited.
Customer relationships
The end customers will receive the same customer support that the existing customers of the
satellite operator. In case of technical issues, the end customers will be able to contact the
satellite operator’s Technical Support. Access to customer systems such as the OSS, BSS, will also
be provided if needed.
Revenue streams
The satellite operator not only charges customers for the Internet connection (transit), but
extends the range of services to include the maintenance of the wireless infrastructure and the
management of local services. Additionally, the model can evolve to provide customers with
replacement of IT equipment, software updates, and IT consulting.
Key activities
The new services provided by the operator require the constant monitoring of terrestrial
systems including wireless infrastructure and local services. In addition, maintenance and
customer support are crucial activities for the survival of this new model.
Key resources
The satellite operator will own and operate the satellites and ancillary network infrastructure
(e.g. the satellite capacity, the hub and multicast equipment at the Ground Earth Station, the
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VSAT terminals – including IDU and ODU, the multicast equipment on the receiver site) for the
delivery, operation and management of the RIFE service.
Concerning the mentioned key activities, these are coordinated and (preferably) provided via de
satellite link thus requiring tools enabling the remote management of systems and fail-safe
recovery procedures.
Key partnerships
The delivery of services at high volume in multiple countries / areas requires a system of service
delivery partners (resellers, telecommunication providers, etc.) to address particular regions and
markets. These partners will be responsible for marketing, sales, installation and 1st line support
to the customers. Revenues will be shared with the satellite operator. Hence, the satellite
operator needs to establish a trusted network of local partners that would locally support the
mentioned key activities.
Cost structure
In addition to de stated in sub-section 6.4.2, the satellite operator is responsible for installing,
maintaining and operating the complete solution. The main cost increment compared to
traditional satellite operators is the additional personnel required to maintain remote systems
up and running.
Table 18. Satellite operator BMC

Key partners

Key activities

Value propositions

Expert local
partners

Monitoring and
management of
connectivity and
local services.

• Campus wireless
coverage

• Managed local

Customer
relationships
Technical Support
and other related
customer systems
(e.g. OSS)

Customer
segments
Government,
offices,
Hospitals,
Hotels,
Schools,
NGOs,
International
Donors,
Charitable
Foundations

services
• Improved and
Key resources
Channels
reliable Internet
Systems enabling
Direct Offer
service
remote
• Sustainable
monitoring,
development of
management, and
underserved
recovery.
regions
Cost structure
Revenue streams
Additional labour costs associated with remote
Internet subscription, maintenance and
infrastructure and services.
management of local services, IT support.

Community operator business model canvas
The community operator model aims to extend the Internet service coverage in emerging
markets and in rural areas of advanced markets.
Customer segments
The community operator model targets the consumer segment including households either in
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rural areas where no other provider exists, or in semi-urban areas where the lack of investment
by incumbents prevents the improvement of service quality. Additionally, professionals working
in small offices can also be targeted by the operator.
Value Proposition
The operator offers a basic, affordable Internet service. In addition to this basic service,
additional options are available including access to a local content catalogue or local services.
Furthermore, the operator offers customers the possibility to become members of the
community (e.g. following a cooperative approach) thus benefiting from discounts (e.g.
installation costs) in exchange for their contribution in key activities (e.g. volunteer work to
maintain the infrastructure or attract new customers).
Channels
Main channels are word-of-mouth, adverts in local shops, and distribution of flyers in local
events.
Customer relationships
Relationships are maintained face-to-face or via phone call, given the geographical proximity
and pre-existing social relationships within the community.
Revenue streams
Revenues are generated only via monthly subscriptions which are priced according to the
utilization level of the backhaul. While highly congested operator would adopt block pricing,
others would prefer flat-rate given the associated operational savings.
Key activities
In contrast to traditional WISP models, the RIFE community operator model requires community
members to remain committed to the maintenance and update of the network infrastructure.
Therefore, management meetings and discussions need to be organized periodically to detect
internal disputes and agree on best practices. Moreover, transfer of knowledge from expert to
new members is required to ensure the sustainability and operation of the infrastructure.
Key resources
Since the management of the operator is decentralized involving a larger number of
collaborators, coordination tools are required. For example, given the heterogeneity of the used
equipment, an updated information repository needs to be maintained to facilitate
configuration and maintenance tasks by non-expert members. Since the responsibility over the
configuration and management of the network is shared, control measures over the fair
utilization of infrastructure resources need to be in place.
Key partnerships
Partnership with other community operators might enable access to community-led services
such as VoIP or transit services. In this case, governance principles from different community
operators need to be aligned thus leading to possible federation. Partnership with local
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authorities is crucial to ensure the placement of equipment in strategic locations without
incurring in costly rentals.
Cost structure
The main cost item is the transit cost since other costs have been transferred to community
members.
Table 19. Community operator BMC

Key partners

Key activities

Value propositions

Local
government,
Community
members,
and
other
communityoperators
(federation)

Coordination
of
distributed
management
and
maintenance
activities,
Transfer
of
knowledge between
community members
Key resources
Coordination tools,
fronthaul
network
monitoring

•

Basic
affordable
Internet
Extension
of
coverage via
community
involvement
Local services

•

•

Cost structure
Transit cost regarding backhaul link,
Other costs are mitigated by volunteer work

Customer
relationships
Face-to-face,
Voice calls

Customer
segments
Households,
Small offices
in rural and
semi-urban
areas

Channels
Word-of-mouth,
ads in local shops,
flyers

Revenue streams
Monthly subscriptions

Validation through RIFE socio-economic KPIs
In this subsection, each VNC is evaluated against the current configurations in the market via
the socio-economic KPIs to assess changes in network costs, market competition, and the ability
to attract subsidies.
Network cost KPIs
The KPIs allow the comparison of costs between different system architectures. For example,
ICN-enabled versus standard-IP.
Number of nodes and links
The more network devices are required in the system architecture, the costlier this becomes to
build, maintain and manage.
How to estimate: Estimate the average number of nodes and links required for the system
architecture to serve a fixed number of users.
Characteristics of nodes and links (routing, computing and storage)
The system architecture requires protocols to perform the routing and storage of information.
At the same time, computing power is required from nodes and links to perform these activities.
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How to estimate: Determine the required node capacity (e.g. CPU, memory, power
consumption) and link coverage (e.g. 100m, 30 km) of the basic elements in the system
architecture. Characteristics could be derived from operational KPIs.
Number of nodes and links
Why: Transmission cost takes into account the data transmission via the network owned by the
operator and via other operator’s network. In the first case, the transmission of information is
highly dependent on the technology efficiency with respect to the medium (e.g. bits/Hz,
bits/fibre). In the second case, the transmission cost equals the transit cost.
How to estimate: Transmission cost via operator’s own network is determined by the
transmission efficiency of network technologies (e.g. bits/Hz in 802.11 at 2.4 GHz) as well as the
required licenses to operate in the respective mediums (e.g. the 2.4 GHz band is unlicensed). In
a comparative analysis, only the changes in transmission mediums are relevant. Alternatively,
the transmission cost via other operator’s network is derived from the transit contract
conditions.
Validation for satellite operator-driven VNC
As justified in Table 20, the Satellite operator-driven VNC presents significantly higher costs than
the satellite broadband configuration. This increase is due to the provision of local access
through a terrestrial network and possible acquisition of new licensed frequencies.
Nevertheless, transmission costs could be significantly reduced since fronthaul and backhaul and
ECS are under control of the same actor.
Table 20. Validation of network cost KPIs (Satellite-driven VNC)

KPI
Number of
nodes and
links13

Satellite broadband
configuration
No fronthaul included

Characteristics
of nodes and
links

According to service
conditions and customer
segment.

Transmission
costs

The satellite operator
requires radio spectrum
licenses.

Satellite operator-driven VNC
L+1 base stations (BSs)
N+L access gateways
M+N CPEs
1 border gateway
1 ECS
While IP-over-ICN might require less resources
from nodes.
The satellite operator might need to acquire
frequency licenses if not willing to employ
unlicensed spectrum.
Optimization in the satellite link utilization might
reduce transit costs.

13

(N,M,L) indicate the number of (connected customers, disconnected customers, base stations) as
described in the RIFE reference configuration in Figure 38.
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Validation for community operator-driven VNC
As justified in Table 21, the Community-operator driven VNC presents slightly higher costs that
the Terrestrial WISP configuration since new nodes are required (e.g. border gateway, access
gateway) to execute the virtual functions (ICN and DTN NAP). Nevertheless, characteristics of
nodes might be simplified if IP-over-ICN is adopted and transmission costs might be reduced if
time-shifting of content placement is in place.
Table 21. Validation of network cost KPIs (Community-operator driven VNC)

KPI
Number of
nodes and
links
Characteristic
s of nodes
and links

Terrestrial WISP configuration
Terrestrial WISP already owns a
fronthaul.

Community-operator driven VNC
N+L access gateways
+1 border gateway

According to service conditions
and customer segment.

While IP-over-ICN might require less resources
from nodes, PiCasso would use the same.

Transmission
costs

The terrestrial WISP does not
require licenses to operate in
the ISM band.

No extra licenses are required. Optimization in
the satellite link utilization might reduce transit
costs.

Competition KPIs
Market competition cannot be assessed directly because the RIFE architecture is not yet in the
market. However, the architecture itself might prevent competition to happen by unnecessarily
favouring some actor, node or protocol. Given that the delivery of digital services (e.g. content
delivery) require cooperation of multiple actors (e.g. content provider and network operator),
the system architecture can be assessed with regard to the exchangeability of actors, nodes and
protocols. In other words, the KPIs validate that monopolistic behaviour is not favoured in the
resulting industry architecture.
Inter-protocol competition
The co-existence of protocols enables easy transition and fair competition between protocols.
For example, a voice-over-IP provider can offer services to ICN-enabled networks only if ICN is
able to satisfactory transport RTP/UDP. Another example is a provider or a customer that wants
to access the original source of some content instead of the cached copy.
How to estimate: Count the number of incompatibilities between well-known protocols (e.g.
TCP, UDP) and the new protocols responsible for the network function. Identify the number of
proprietary protocols.
Inter-node competition
Business actors (e.g. network operators, service providers) compete in a fair manner if the
system architecture allows traffic to be freely routed to optimize network performance. For
example, low node competition might imply that a single operator could control the access to
popular resources and therefore adopt monopolistic practices (e.g. increase in prices) and also
increase the probability of network failure (e.g. overload in the single point of failure).
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How to estimate: Determine the technical components in the configuration that become
business bottlenecks. Determine the points of failure and corresponding backup nodes and links.
Inter-actor competition
The more business actors (e.g. network operator, content provider) can adopt a business role
(e.g. content provision), the more market competition exists in the network (e.g. in the content
delivery market), the lower the profits, and the lower the consumer prices.
How to estimate: The optimal calculation method estimates the Herfindahl–Hirschman Index
(HHI)14 for each business role in possible value network configurations. In the context of a
technical evaluation, this KPI can be assessed evaluating the technical requirements for actor
exchangeability (e.g. the openness of protocols connecting partners in the value network
configuration).

Validation for satellite operator-driven and community operator-driven
VNC
Inter-protocol and inter-actor competition are not modified since IP and ICN networks can coexist in the RIFE architecture through slicing and ICN gateways. However, the introduction of
nodes that execute centralized network functions (e.g. TM/RV) can interfere with the inter-node
competition prioritizing content from specific providers.
Table 22. Validation of competition KPIs

KPIs
Inter-protocol
competition

Satellite broadband
configuration
IP ensures inter-protocol
competition.

Inter-node
competition

IP-routing transport packets
based on IP-destination
regardless of the transported
content.

Inter-actor
competition
(lock-in)

Providers in the value network
can be replaced because external
interfaces are IP-compatible.

Satellite operator-driven VNC
Inter-protocol competition is possible thanks
to the slicing/co-existence between ICN and
IP networks.
Through RV/TM, the satellite operator can
oblige customers to access content from a
specific source.
Providers in the value network can be
replaced because IP-equipment can be
incorporated via ICN gateways.

Subsidy KPIs
The KPIs validate that the system architecture does not prevent stakeholders from subsidising
the customer access cost or the provider cost. In case of direct customer subsidy, both the
consumer segment (e.g. students) and the corporate segment (e.g. educational services) could
access the network at better than market conditions. In case of provider subsidy, users are
indirectly subsidised, and providers might increase network capacity and coverage or introduce
14

HHI is calculated as the sum of the squared market shares in terms of number of subscriptions.
Extreme values are 0 which indicates perfect competition and 1 which indicates monopoly.
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price reductions. A relevant aspect of subsidies, it is their expected payback time which might
be significantly longer than in bank loans. For example, while government typically subsidises at
the long-term (e.g. education increases productivity and investment is recovered via taxes),
advertisers might expect a short payback time. More importantly, subsidisers might require
accountability in order to quantify the investment payback rate. As a result, non-vital network
services (e.g. accounting and billing) might be required, and network cost increased accordingly.
Local government subsidy
Local authorities could subsidise users to promote a long-term economic or social policy at the
local level, for example, the adoption of e-services (e.g. digital tax collection). These could also
subsidise access costs of public service providers (e.g. libraries).
How to estimate: Does the system architecture prevent this subsidy?
National government subsidy
National authorities could subsidise users to promote a long-term economic or social policy at
the national level. For example, the adoption of e-services (e.g. e-government including student
registration, digital tax collection). These could also subsidise access costs of public service
providers (e.g. schools, hospitals) or private strategical sectors (e.g. agriculture, tourism) to
increase its capacity (e.g. via e-learning, telemedicine, updated trade price information).
How to estimate: Does the system architecture prevent this subsidy?
Bank subsidy (Bank loan)
Financial organizations could subsidise users via micro-loans to promote productivity increase
in the short term. Then, this would recover the investment in the long term from a more
productive community.
How to estimate: Does the system architecture prevent this subsidy?
Advertiser subsidy (advertisement-based business model)
Advertisers could subsidise users if additional revenues could be quantified and associated in
the short-term with user activity in the network. For example, an advertiser might directly or
indirectly provide free data to users that consume a particular content that has associated a
piece of advertisement.
How to estimate: Does the system architecture prevent this subsidy?
NGO subsidy
NGOs could subsidise users to promote a short-term economic or social policy. For example, an
NGO might directly or indirectly provide free data to users that use e-learning applications.
How to estimate: Does the network architecture prevent this subsidy?
Volunteer subsidy
Volunteers might contribute with financial resources and/or free labour to acquire, build and
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maintain the network infrastructure. This might be the case of community operators that
manage the network service as a common good.
How to estimate: Does the system architecture prevent this subsidy?

Validation for satellite operator-driven VNC
The RIFE configuration does not prevent the subsidy of operators or consumers as discussed in
Table 23. Since the satellite operator BMC targets mainly the corporate segment, this is unlikely
to attract volunteer and NGO subsidies. Since satellite operators have contracts with content
providers, it is likely that can attract adviser subsidies.
Table 23. Validation of subsidy KPIs (Satellite operator-driven VNC)

KPIs

Operator subsidies

Consumer subsidies

Local and national
government subsidy

Governments might require from
operators to avoid monopolistic
practices (e.g. respect net
neutrality).

Governments might require
accountability about the utilization of
digital services (e.g. the number of new
e-services, e-services utilization).

Governments might require
accountability for provided
services (e.g. customer base
increase, delivered QoS).
Advertisers might require accountability about the consumed adverts (e.g.
advert analytics on the producer side).
Banks might require service accountability from subsidized actors.

Advertiser subsidy
Bank subsidy

Validation for community operator-driven VNC
The RIFE configuration does not prevent the subsidy of operators or customers as discussed in
Table 24. Since the community operator BMC targets the consumer segment, this is likely to
attract volunteer and NGO subsidy. In addition, services supporting the accountability of
subsidized actors might facilitate subsidizer involvement.
Table 24. Validation of subsidy KPIs (Community operator-driven VNC)

KPIs

Operator subsidies

Consumer subsidies

Local and national
government subsidy

Governments might require from
operators to avoid monopolistic
practices (e.g. respect net
neutrality).

Governments might support either CPE
installation and periodic subscription
costs, or support access costs when in
coverage.

Governments might require
accountability for provided services
(e.g. customer base increase,
delivered QoS).
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NGO subsidy

NGOs might require accountability from subsidized actors.

Volunteer subsidy

Volunteers might require accountability about the benefits delivered to the
community (e.g. customer base increase, delivered QoS)

Results
The satellite operator-driven VNC proposes a significant change to the satellite broadband
configuration since the satellite operator starts providing network access through its own
terrestrial network. Although the network costs are significantly increased, the resulting
vertically integrated solution can address demanding customer segments. More importantly,
the technical integration can maximise the utilization of the backhaul, placing content and
services on the network edge. As a result, satellite operators are able to attract revenues from
advertisers linked to popular content and financing from banks.
The community operator-driven VNC proposes an update to the terrestrial WISP configuration
since the WISP adopts a commons-like regime and the ICN routing technology. Although the
network costs might slightly increase due to new architectural elements, the characteristics of
nodes might be simplified for IP-over-ICN. The deployment of local services/content might
partially improve the utilization of the backhaul, but coordination with backhaul operator is
required. Nevertheless, local services enable the provision of community-generated content.
Given its open access policy, community operators can attract subsidies from NGOs, local
volunteers and local government.
Both VNCs allow protocol, node and actor competition within the value network since RIFE
architecture allows ICN and IP to co-exist. Furthermore, both operators are able to attract
national government subsidies if complying with funding requirements e.g. cost calculation
requirements.

Framework for affordable broadband services
As a complementary result of the analysis, we present a conceptual framework to evaluate the
ability of system architectures such as RIFE to provide affordable services. Based on the same
principles than the socio-economic KPIs, the framework is divided in three levels including
network costs, network competition, and subsidies.
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7 CONCLUSIONS
We have studied the diffusion of broadband services identifying bottlenecks slowing spread in
emerging markets and into rural areas. To address these bottlenecks, we propose regulatory
recommendations as well as new operator models and value network configurations aiming to
accelerate investments and service adoption.
Mobile broadband services have globally achieved superior penetration rates compared to fixed
services, not least because of the improved usability of hand-held devices and mobile
applications. Furthermore, the availability of abundant user-generated and video-rich content
lowers user literacy requirements. Nevertheless, mobile diffusion slows down in rural areas due
to decreasing population density which prevents economies of scale. However, as population
density decreases, we observe an increase in community commitment and government
subsidies thus enabling the bottom-up emergence of alternative networks, community
operators and regional operators. Based on these findings, we recommend for less populated
areas that regulators allocate the new higher 5G frequency bands (3.5 GHz and up) partly
through local light licensing, introduce infrastructure-sharing obligations to local monopolies on
fibre access, and incentivise investment via subsidies. In highly populated areas, we recommend
regulatory authorities to reduce market concentration thus increasing competition and
attracting further investment.
The evaluation of RIFE technologies reveal technical advantages including the optimization of
terrestrial fronthaul as well as satellite backhaul capacities, the ICN-enabled deployment of
services on the network edge, and the coexistence of ICN and IP systems. Based on these
technical advantages, two new operator models and value network configurations (VNCs) are
proposed to accelerate the diffusion of broadband services. On the one hand, the satellite
operator-driven VNC proposes a vertically integrated solution in which satellite operators place
edge services in a terrestrial network that is under their full control thus maximizing the
utilization of the backhaul. As a result, these operators are able to target demanding customers
and attract new revenues from large content providers and advertisers. On the other hand, the
community operator-driven VNC proposes WISPs to expand their current access network
adopting a commons-like regime in which an open access policy attracts subsidies from NGOs,
local volunteers and local public administration. In this case, the deployment of local services
enables the provision of community-generated content.
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ANNEXE 1 – BOTTLENECK ANALYSIS DATA
Linear regression tests
In terms of linear regression model assumptions, we test for linearity of relationships between
independent and dependent variables (augmented partial residual plots) and multicollinearity
(check of variance inflation factors). Regarding the ordinary least square, we checked for
normality of residuals (Shapiro-Wilk W test), heteroskedasticity of residuals (Breusch-Pagan
test), and model specification (link test and regression specification error test for omitted
variables). We find no issues in the assumption tests given test significant level of 0.05 and
variance inflation factor limit of 5. Though we note that with the relatively small sample
multicollinearity is still a concern.

Linear regression data
Table 25. Linear regression data
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ANNEXE 2 - BACKGROUND ON IP-OVER-ICN
The publish-subscribe ICN technologies
Among the multiple implementations of ICN, the IP-over-ICN routing system relays on the
publish-subscribe ICN technologies developed in the FP7 PURSUIT project[FoTP12]. In contrast
to the destination-based routing approach of IP systems, the publish-subscribe ICN implements
source-based routing through three network functions: rendezvous (RV), topology (TM), and
forwarding (FN). The request and delivery of information in the publish-subscribe ICN works as
follows: First, a subscriber notifies interest for a publication to the RV. Then, the RV informs the
publisher about the received interest while providing a forwarding identifier (FID) that enables
the source-based routing of packets to subscribers. FIDs are computed by the TM by merging
link identifiers (LIDs) along the delivery-path between publishers and subscribers. Since a LID is
a bit-field of constant length (e.g. LID1 -> 0001, LID2 -> 0010), FIDs are computed executing a
binary OR. We refer to this function as delivery path computation (e.g. A FID including LID1 and
LID2 equals to 0011). Finally, packets are forwarded through those router links (LIDs) which are
included in the FID, which is embedded in the packet header. This way, forwarding decisions in
routers are based on binary AND operations, which we refer to as bit-field-based forwarding.
While the RV and the TM functions might be located in few strategic locations within the ICN
network, the forwarding must be present in all ICN routers. One major advantage of sourcebased routing via bit-field-based forwarding is the ability to compute delivery-paths enabling
path-based routing including point-to-multipoint (P2MP) transmissions, while maintaining
routers stateless. However, the number of identifiable links within a network is limited by the
LID and FID length (e.g. 0001 can only store 4 links)[AWTS16].

The IP-over-ICN routing system
The IP-over-ICN routing system has been developed as a single operator solution in the H2020
POINT and RIFE projects. IP-over-ICN follows a gateway-based architecture in which an interior
publish-subscribe ICN network is confined by Network Attachment Points (NAPs) acting as IP
gateways, as shown in Figure 1. NAPs are publish-subscribe applications that handle IP-based
protocols by orchestrating the transport of IP application data via the interior ICN network. Thus,
IP-over-ICN can improve the performance of IP-based protocols such as IP-multicast, HTTP, and
Constraint Application Protocol (CoAP). These improvements are executed in NAPs by protocolspecific handlers taking advantage of the publish-subscribe communication model and the pathbased routing[TRRG15][AAFK18]. For example, HTTP-handle provides HTTP coincidental
multicast delivery for quasi-synchronous HTTP requests.
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Figure 41. IP-over-ICN gateway-based architecture[AAFK18]

In the ICN network, IP-over-ICN implements the three publish-subscribe ICN functions along with
SDN equipment. This SDN integration requires SDN controllers to inform the TM about topology
changes, and it also requires the repurpose of IPv6 packet headers to allow bit-field-based
forwarding. About the repurpose of IPv6 headers, FIDs are embedded in the packet header,
while router LIDs are stored in flow-tables of SDN switches. Therefore, bit-field matching can be
executed between packet-FIDs and router-LIDs, provided that SDN switches execute Arbitrary
Bit Match (ABM) [AAFK18] [RATT16].
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