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Introduction

In the last two decades no other technology has shaped the way people interact and
firms compete more than the internet. Its use and availability skyrocketed dramatically:
In 1992 global internet traffic amounted to only 100 Gigabyte (GB) per day. In 2017
it already amassed to 46,600 GB per second and is expected to triple again by 2022
according to Cisco (2019). The number of internet users is annually growing at a 7%
rate and thus faster than the worldwide population growth of 1%. Hence, internet
access becomes increasingly available for people across all continents (Cisco, 2019).
This development offers a variety of industries new possibilities to decrease costs,
offer new products or even develop new business models. This in turn poses multiple
challenges for governments and public authorities. These encompass providing a potent
network infrastructure which is capable of satisfying present and future data demands.
Further, counteracting economic inefficiencies that may arise from new products or
business models. And, lastly, ensuring that all stakeholders, especially consumers,
benefit from the advancement of new services and will not be subject to anticompeti-
tive behavior that might be borne by the dynamics of new digital markets. It is the aim
of this thesis to evaluate the competition on digital markets and derive policy relevant

insights to face those challenges.

Before a “digital” market or even a “digital” service can exist, there must be a
transmission of information in the form of 0 and 1 first. This signal is originally
transmitted via a wire that connects the sender and the receiver. Since every user
nowadays is sender and receiver alike, multilateral connection is realized by access to a
communication network. Through such networks users are able to access the internet
and with that communicate, shop online, stream content or control the heating of
one’s flat. On the other side, firms are able to reach their customers, advertise on their
platforms or offer innovative services. Some of those future products, among others,
will be autonomously driving cars, Internet of Things applications or e-Medicine. While
the transmission speed of today’s networks might be sufficient for current demands it
will not sustain in the future.

In order to change that, the often copper based legacy infrastructure has to be

upgraded to a fiber-optic structure. This however is costly. In a time in which net-
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work operators’ revenues from traditional business models stagnate (ETNO, 2019) and
competition from content providers becomes more fierce (European Parliament, 2015),
this upgrading process advances much slower in many countries than desired by policy
makers.

Chapter 1 entitled “Fiber vs. Vectoring: Limiting Technology Choices in
Broadband Expansion” therefore examines structural drivers of fiber deployment
and the effectiveness of policy interventions such as subsidies and a technologically se-
lective regulation. To do so, the extensive and intensive margin of first time investment
into fiber deployment are empirically analyzed based on the micro level of German mu-
nicipalities. Both competing infrastructure architectures of Vectoring and TV-Cable
as well as the deployment effect of subsidies are considered. A natural experiment in
the German telecommunications market from August 2013 to July 2017 is exploited
to evaluate a technologically restrictive deployment regulation, which was implicitly
mandated by the European Commission (2016). During this period the competing
infrastructure type of Vectoring was not available in certain network areas such that
fiber and TV-Cable were the only available alternatives to provide high-speed internet
access.

The analysis finds that a municipality is more likely to be accessed with fiber if it is
large, has a younger population and is closely located to an already accessed municipal-
ity. While technology competition through Vectoring is beneficial for the likelihood of
first time investment, it is detrimental for the intensive margin as it lowers the increase
in fiber coverage, that is, the fraction of households served. However, the data does not
provide a significant effect of a technologically restrictive deployment environment but
suggests that subsidies are highly effective. An additional funding of 100,000€ corre-
sponds to a 3 to 4 percentage point higher likelihood of fiber deployment. Therefore,
the findings of Chapter 1 not only encourage policy makers to subsidize areas where
fiber deployment is desired but also identify structural and technological drivers which
indicate where fiber deployment is more likely to arise naturally by market forces and

in which municipalities it might crucially depend on funding.

Digital products and services often allow providers to gather customer data. This
can be the geographical tracking of a user’s mobile device, an online shopping history or
just a collection of recent search queries. Firms analyze these data to learn about their
users’ motion profiles or preferences and adapt their products accordingly. For instance,
a network operator learns at which times of the day and in which areas congestion arises
and can improve network capacity accordingly. A streaming platform infers from search
queries which currently not offered content would be a desired addition to its existing
portfolio. Or a dominant search engine is able to design whole new products based on

consumers’ general searches.
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The possibility to customize products and strategically choose deployment extent,
variety and other product components provides a second dimension, apart from the
price, which is of relevance for the competition on digital markets. While inefficiencies
in the price dimension are generally well understood in economics, inefficiencies with
respect to customization, that is, the horizontal differentiation of products are not.

Chapter 2 entitled “Monopoly Customization with Log-concave Consumer
Preferences” theoretically examines a monopolist’s two dimensional optimization
problem with respect to an access price and chosen customization degree of the prod-
uct offered. In the spatial model of horizontal differentiation based on the works of
Hotelling (1929) consumer preferences are reflected by a general log-concave density
function. This class of distributions allows for non-uniform preferences which can be
assumed to better fit reality. In this setting, the monopolist chooses the product in
form of an interval which represents the degree of customization and perfectly matches
a variety of preferences. The interpretation of this theoretical framework is manifold.
It can be related to population density and the deployment extent of a communication
network, to the distribution of tastes and the portfolio of a streaming platform, or to
a non-digital context, for instance, time preferences to do purchases and the actual
opening hours of shops.

First, the monopoly equilibrium is characterized and conditions under which the
monopolist’s product customization is socially inefficient are derived. Employing a
specific symmetric, non-uniform density function illustrates how the inefficiency of
providing a too narrow interval of product characteristics relates to the shape of the
consumers preference distribution. The analysis finds that for more (less) concentrated
preferences, this inefficiency tends to be large (small) for narrow interval products and
small (large) for wide ones. Translated to the setting of streaming content implies that
a monopolistic supplier would cater the portfolio too strongly to “mainstream” tastes
while niche genres would be underrepresented. If one considers the deployment of
network infrastructure, a monopolist would concentrate too much on the densely pop-
ulated areas while neglecting the outskirts of settlements if the concentration gradient
is large. This finding could is of policy relevance especially when network deployment
is lacking behind expectations in areas that exhibit a large variation in population

densities.

The ability to customize products or the complexity of digital services in general
often gives rise to consumer switching costs. In this case, buying a product of another
supplier involves additional, often non-monetary costs apart from the purchasing price.
For instance, a software user who is accustomed to working with applications from one
supplier, has to take into account an additional familiarization period when considering

a switch to a product of a competing supplier. This familiarization is the switching
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cost and leads to consumers tending to re-buy products from their original suppliers.
While the switching costs in the previous example arise somewhat naturally, they are
often attached strategically to certain products and services - especially on digital
markets. Social networks, streaming platforms and other services that work with user
created content try to hinder users from taking their content data with them when
switching suppliers. These practices are motivated by increasing customer retention
and exploiting own customers’ reduced price sensitivity.

However, in theory, the prospect of reduced competition for existing customers is
paralleled by an increased competitive pressure for consumers who enter the market
for the first time and have not bought a product yet. Firms try to attract those
consumers with rebates or introductory offers in order to establish an installed base.
Consider, for instance, reduced software licenses that are distributed at a discounted
price to students or other groups. Once the status as a student voids, a consumer has
to buy a license for the full version at the regular price if she wants to continue to use
the software. These reversed pricing incentives, that is, low prices to new consumers
and higher prices to existing customers, are often referred to as “invest and harvest”
behavior. The aggregate effect on prices, the competitiveness of markets and thus the
incentives to collude are considered unclear.

Chapter 3 entitled “Let’s Lock Them in: Collusion under Consumer
Switching Costs” aims at filling this research gap. In a laboratory experiment sub-
jects take the role of firms and choose selling prices towards new consumers and those
who already bought a product. While the competitive setting is based on Klemperer
(1995, Section 3.2), the presence of switching costs and the firms’ ability to commu-
nicate is varied. With this 2x2 factorial treatment design, the experiment is able to
identify switching costs’ effect in both an environment of explicit collusion and with-
out, as well as the gains from explicit communication either with our without switching
costs.

In the case of absent communication switching costs are found to reduce prices
towards consumers who have not bought yet, while the price level towards existing
customers is not affected. Hence, the “investment” motive outweighs the “harvesting”.
Further, communication facilitates the coordination on higher prices and helps to over-
come the “investment” pressure. This is in line with findings of Fonseca and Normann
(2012) and Cooper and Kithn (2014) and thus shows that explicit agreements are gener-
ally attractive. Third, the degree of tacit collusion is less pronounced if consumers face
switching costs, which comes with a downside though. It consequences monetary gains
through communication to be distinctively higher and thus make explicit collusion the
more lucrative which forms the fourth main result. Hence, switching cost markets may

bear an increased risk for consumers to be subject to such anticompetitive behavior.
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Chapter 1

Fiber vs. Vectoring: Limiting
Technology Choices in Broadband
Expansion®

Summary of the chapter

Developing an efficient upgrade path of legacy telecommunications in-
frastructure to a fiber-optics network is challenging. Network opera-
tors’ profitability concerns, political agendas and structural conditions
often stand in conflict. Using German micro-level data, we identify
the structural determinants for fiber optics deployment and its extent.
We also measure the role of technology competition from the exist-
ing infrastructures, VDSL-Vectoring and TV-Cable. By exploiting a
natural experiment, a technologically restrictive policy as proposed
by the European Commission is found to be ineffective in promot-
ing fiber deployment. Policy interventions in the form of subsidies
targeted at specific local infrastructure projects, however, raise the
likelihood of fiber deployment by a substantial margin. A targeted,
proactive policy approach is therefore needed to overcome structural

and geographical disadvantages.

#This chapter is co-authored with Alex Korff.
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1.1 Introduction

Communication networks are not only the backbone of today’s digital era economy
but also shape social interactions and with that our society. Investment in those
networks therefore exerts positive effects on employment, growth, innovation and other
economic indicators. This is achieved by reducing costs of existing business models
while simultaneously paving the way for services and applications which rely on more
potent networks and transmission rates. For the near future, these requirements are
embodied by emerging services such as the Internet of Things, real-time traffic solutions
and e-Medicine whose data demands are already foreshadowed today by streaming
and cloud services. For this reason, investing in existing communication networks
is paramount to cope with the exponential growth of data consumption and provide
a hotbed for future innovations.! In technical terms, this means upgrading legacy
networks, often based on copper, to a state-of-the-art and future-proof fiber-optics
based architecture.

Apart from fiber wires, a consumer’s access to a fixed line communication network
can be realized by means of copper wires or TV-Cable. While all of these access tech-
nologies rely on fiber to some degree, only Fiber-to-the-premise (FttP) directly connects
a household with fiber optics.? Other hybrid technologies like VDSL2-Vectoring (Vec-
toring) also employ legacy copper double-wires on the local loop (“last mile”) or rely
on the hybrid-fiber-coaxial (HFC/TV-Cable) technology. Such technologies are readily
available and less costly to roll out compared to FttP. This, naturally, affects net-
work operators’ deployment decisions and is especially relevant in remote areas where
installing fiber to every household might not be efficient.

In an effort to influence operators and accelerate the upgrading process of fixed line
networks, the European Commission (EC) formulated a broadband target in 2016 en-
visioning the coverage of all European households with downlink speeds of at least 100
Mbit/s by 2025. Additionally, this bandwidth has to be provided by an infrastructure
which can be technically leveraged to provide Gigabit speed in the near future (see
European Commission, 2016a).> This Gigabit amendment effectively rules out Vector-
ing as a viable alternative from the available technologies. The EC (2016b, p. 19) is
concerned that “strategic profit-maximizing considerations at the operator level would
delay the transition” to FttP structures. However, the assumption underlying this ar-
gument, namely that an incumbent’s copper-based Vectoring deployment will act as a

substitute to any FttP investment, has not been examined by scientific research so far.

1Cisco (2017) estimates the data traffic over fixed-line connections to increase exponentially from
65,94 Petabyte(PB)/month from 2016 up to 187,39 PB/month by 2021. Note that 1 Petabyte(PB) =
1,000 Terabyte(TB) = 1,000,000 Gigabyte(GB).

2FttP is a shorthand for Fiber-to-the-Home/Building (FttH/B).

3Gigabit speed refers to download rates of more than 1 Gbit/s. Note that 1 Gigabit (Gbit) =
1000 Megabit (Mbit).
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We aim to close this gap by investigating structural determinants of FttP deployment
and effects resulting from infrastructure competition.

This study is the first, to the best of our knowledge, investigating FttP deployment
as a supply side outcome at the micro-level. Using municipality-level data from Ger-
many, we examine the influence of structural determinants of FttP deployment at the
extensive and intensive margin. We also account for technology competition from the
two competing architectures existing in Germany, that is, Vectoring and HFC.

We complement this part of the study with an analysis of policy interventions such
as technology regulation and deployment subsidies. We exploit a natural experiment
in the German telecommunications market from December 2013 to June 2017 to ex-
amine effects of a technologically restrictive deployment regulation, a situation deemed
favorable by the EC. Due to exogenous, technological restrictions in the legacy access
network, Vectoring was inoperable and banned in certain areas around network nodes,
while households in all other areas could be accessed. This provides treatment areas
within German municipalities in which higher bandwidths could only be achieved by
FttP or HFC structures and control areas in which all technologies were applicable.
For the deployment effect of locally targeted subsidies, we use the subset of the federal
state of Bavaria which operated a substantial subsidy program over the observation
period.

We find the following main results: First, we observe a significant impact of struc-
tural characteristics on the extensive probability of deployment and its extent. Of these
characteristics, market size and accessibility measures are most pronounced. Notably,
an increase of a population’s average age by one year in a municipality decreases the
investment likelihood by one percentage point. Second, technology competition, espe-
cially from Vectoring, appears to increase the likelihood of FttP deployment. However,
this positive effect coincides with a negative backlash at the intensive margin. Hence,
Vectoring might signal deployment-worthy municipalities but simultaneously acts as
a substitute once both networks coexist, it adversely affects the deployment extent.
Third, a Vectoring restrictive regulation is ineffective and has neither an effect on the
probability of FttP deployment, nor on deployment extent. Lastly, FttP-specific sub-
sidies are demonstrated to be a highly effective policy tool. Every 100.000€ spent as
part of the Bavarian subsidy program are associated with an increased likelihood of
fiber deployment by 3 to 4 percentage points.

The remainder of the chapter is structured as follows. Section 1.2 provides litera-
ture findings on the main strands to which we contribute. Section 1.3 comments on
Germany’s infrastructure landscape and defines our identification. Section 1.4 elabo-
rates on the data used in our analyses. Section 1.5 introduces the empirical strategy
whose results are presented in Section 1.6. Finally, the chapter concludes in Section
1.7.
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1.2 Literature

The vast literature on telecommunications networks establishes the view of the infras-
tructure as a general purpose technology in the sense of Bresnahan and Trajtenberg
(1995). Communication networks are known to exert positive effects on a variety
of macroeconomic indicators as well as individual firm or market performances (see
Bertschek et al., 2015). Given those positive effects, it is not surprising that the
literature identifies different drivers and regulatory frameworks which best foster in-
frastructure deployment and investments.

We contribute to three different strands of the field. First, we complement the lit-
erature on structural drivers for investment in communications infrastructure by inves-
tigating these factors for a specific network type, FttP. Second, we examine regulatory
approaches and their effect on infrastructure investment. While the effects of access
obligations and state funding have been investigated, a technology restricting regula-
tion has not yet been considered in this context. We close this gap. Lastly, we study
the interaction of three competing network architectures - FttP, HFC and Vectoring -
and their effect on FttP deployment from a supply-side perspective. Previous research
has studied inter-technology competition only for the legacy infrastructures, DSL and
HFC, and is focused on demand side indicators such as adoption and penetration.

In the first strand, regarding structural drivers, deployment is regularly explained
by consumer demand for subsequent services or the costs of an infrastructure roll-out.
Demand characteristics are household incomes and population ages, while the costs
depend on the density of population and buildings, on topographic characteristics and
institutional factors. These properties differ from the national down to the local level,
as does actual investment. Cross-country and even regional (NUTS 2) or district-level
(NUTS 3) analyses cannot properly capture these effects due to their aggregation. Not
surprisingly, such studies either incorporate structural control variables but find no
effects (Briglauer et al., 2018, 2013) or abstain from using them (Grajek and Roller,
2012).* Empirical studies at the micro-level are scarce due to a lack of suitable data.
Nardotto et al. (2015) study entry and broadband penetration on the local area level
in the UK from 2005 to 2009. They determine significant effects of structural controls
such as age, income and population density. Similarly, Bourreau et al. (2018) find a
significance of population density and income for the number of active fiber operators
in French municipalities over the period of 2010 to 2014.

The second strand concerns policy makers’ options to influence providers’ decisions
where, and to which extent, to deploy broadband infrastructure in general and FttP in

particular. In this regard, a regulation restricting technology choice is unprecedented

4Other cross-country approaches investigating effects on broadband penetration, a demand side
measure rather than deployment, take the same approaches. Bouckaert et al. (2010) and Briglauer
(2014) find structural controls to be insignificant, Distaso et al. (2006) do not incorporate them.
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as an instrument to steer network deployment. Hence, this chapter is a first step in
assessing the consequences of such a scheme. In contrast to this, the most common
and most widely studied regulative tool is local loop unbundling (LLU) based on the
“ladder of investment” hypothesis (Cave et al., 2001; Cave and Vogelsang, 2003), which
postulates a natural evolution from competition in services to competition in infras-
tructure. However, this hypothesis finds little support in the literature. Cambini and
Jiang (2009) even observe that a systematic trade-off between LLU and investments
in broadband infrastructure might exist instead. Cross-country empirical approaches
by Grajek and Roller (2012) and Briglauer et al. (2018) support this interpretation,
as do theoretical analyses highlighting distorted incentives to invest in fiber networks
(Bourreau et al., 2012; Inderst and Peitz, 2012). In conclusion, LLU may produce static
efficiency of markets but fail to deliver dynamic efficiency and the transition towards
infrastructure investment (Bacache et al., 2014). On the other hand, more recent stud-
ies by Bourreau et al. (2018) and Calzada et al. (2018), relying on micro-level data
similar to ours, do observe a positive effect of LLU on fiber deployment. Given these
ambiguous effects of LLU on infrastructure deployment, Briglauer and Gugler (2013)
argue that subsidies might be more effective in promoting fiber deployment. Briglauer
(2019) himself provides support for this perspective by observing broadband coverage
to increase by 18.4 to 25 percent if a municipality receives funding. This study is sim-
ilar to ours in that it relies on Bavarian municipalities to investigate subsidy effects,
although for a different time period and technology.

Lastly, the plethora of empirical studies on inter-technology competition mostly
addresses the relationship between copper based (DSL) networks and TV-Cable (see
Aron and Burnstein, 2003; Distaso et al., 2006; Hoffler, 2007; Bouckaert et al., 2010;
Nardotto et al., 2015). These studies focus exclusively on demand side indicators
such as broadband adoption or penetration as outcome variable of interest. They all
conclude that inter-technology competition promotes the adoption and penetration of
broadband. In contrast, studies investigating the effects of existing infrastructure on
the deployment of new infrastructure are scarce. Briglauer et al. (2013) do investigate
deployment of broadband infrastructure under the competition of cable networks in
the EU27 for the period from 2005 to 2011. However, they subsume all kinds of
Fttx structures from VDSL to FttH under the broadband tag. Their analysis does
consequently not account for technology-specific quality differences which would be
crucial in assessing multilateral competitive effects of the infrastructures. Our study
is, therefore, a first step in understanding such interdependencies between three distinct

competing infrastructures and the deployment of FttP.
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1.3 Broadband infrastructure in Germany & iden-

tification

In this section, we compare the German network landscape to the regulatory demands
placed upon it. As stated before, the EC postulates a broadband target of fixed line
connections of 100 MBit/s for every household by the time of 2025 and a reasonable
upgrade path to Gigabit connection for the chosen infrastructure (European Commis-
sion, 2016a). To this end, we review the fixed line technologies of FttP, HFC and
Vectoring and comment on their ability to deliver the EC’s conditions. Their deploy-
ment extent by December 2013 - the starting point of our observational period - is
also summarized. Finally, we elaborate on our identification strategy for a technology-
restrictive (Vectoring-free) regulation, which is based on the technological peculiarities
of the German historic public switched telephone network (PSTN).

1.3.1 Infrastructure landscape

The first and most potent technology is fiber, specifically: Fiber-to-the-premise (FttP).
It subsumes deployments of fiber-optics reaching either the boundary of the end users’
homes (FttH) or the respective residential building (FttB). For FttP, the entire “last
mile”, a shorthand for the wiring from the household’s demarcation point to the main
distribution frame (MDF), consists of fiber. This currently permits symmetric con-
nections of over 10 Gbit/s in downlink and uplink, although the transmission itself
is theoretically restricted only by the speed of light. Consequently, it is considered
the most future proof network technology. On the other hand, deployment costs are
substantial because existing copper double wires have to be replaced or overbuilt. Ad-
ditionally, telecommunications infrastructure is traditionally installed underground in
Germany, raising deployment costs further.

FttP has first been deployed in Germany in 2011 to the effect that only 2.78 percent
of municipalities had been accessed by December 2013. The geographical deployment
pattern is displayed in Panel A of Figure 1.1. These new networks are being operated
by the incumbent - Deutsche Telekom - and other traditional internet providers (Voda-
fone, United Internet, Telefonica O2), but also by a large number of local carriers. The
latter group includes municipality works, specifically founded local companies (M-net,

Tele Columbus, NetCologne) and initiatives by municipal administration or citizens.
Hybrid-fiber-coazxial (HFC) networks, the second-most potent technology in Ger-

many, uses fiber as well as coaxial wires of the legacy TV-Cable network (CATV).

During our observational period from 12/2013 to 06/2017, two transmission standards

11
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- DOCSIS 3.0 and 3.1 - were used simultaneously.® While the former was introduced
in 2006 and offers a downlink of up to 1.5 Gbit/s and uplink of 200 Mbit/s, the latter
was introduced in 2013 and permits a downlink of 10 Gbit/s and an uplink of 1 Gbit/s.
Hence, HFC both satisfies the current broadband target and offers a reliable upgrade
path to Gigabit as well.®

Deployment or expansion costs are moderate as most of the legacy CATV wiring
is of continuous use and only the equipment installed in network nodes needs to be
replaced. However, the network covers only approximately 70 percent of all German
households and by December of 2013 only 27.77 percent of German municipalities had
access to a high-speed HFC connection (see Panel B of Figure 1.1 for the geographical
deployment pattern).

The most ubiquitous technology in Germany is the legacy copper network, upon
which hybrid technologies are based. These are Very High Data Rate DSL (VDSL) and
VDSL2-Vectoring (Vectoring), which employ fiber up to intermediate network nodes -
the so called cabinets - on the copper based local loop. In addition, Vectoring requires
special equipment in the cabinets serving as junctions between fiber and copper double
wires which filter out additional interference in the wire. The DSL architecture is based
on the historical German PSTN, causing it to be near-ubiquitous since the connection
of a household to a telecommunications network is a universal service in Germany.
Coverage, therefore, is around 99.9 percent and the technology is the least expensive
to roll out as it relies on the existing legacy network for the most complicated and
costly part of the local loop, the household access.

However, both architectures suffer from the main shortcoming of copper wires:
The higher the frequency of the transmitted signal (and thus connection bandwidth),
the shorter the operating distance. VDSL lines provide download speeds close to 50
Mbit /s while Vectoring offers up to 100 Mbit/s downlink over short distances. The
maximum operating distance lies at roughly 550m around accessed cabinets, whereas
signal strength deteriorates rapidly beyond this. Hence, the upgrade potential of the
copper based local loop is limited compared to other architectures. Although the next
Vectoring generation G.fast will offer up to 800 Mbit/s over short distances (100m)
split in down- and uplink and thus achieve the postulated 100 Mbit/s target, a copper

5The German CATV networks were owned by the Deutsche Telekom prior to market liberalization.
From 2000 to 2003, Deutsche Telekom sold the CATV infrastructure sequentially in the form of
regional sub-networks. From 2013 to 2017, the German CATV were owned by Kabel Deutschland
and Unitymedia, which offered regionally differentiated HFC connections. By 2019, both firms - and
thus the majority of the historical CATV infrastructure - are owned by Vodafone.

SDOCSIS is an abbreviation for Data Over Cable Service Interface Specification and refers to a
transmission standard developed by CableLabs, a research lab founded by American cable operators.
The European transmission standards (EuroDOCSIS) are based on these but are modified to the
European CATV networks which use 8 MHz channel bandwidth compared to the American 6 MHz.
However, there are no notable differences regarding downlink and uplink between the two.

12



Fiber vs. Vectoring: Limiting Technology Choices in Broadband Expansion

Figure 1.1: Network coverages in July 2013 - levels of FttP, HFC & Vectoring
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Notes: Panel A-C display the network coverage of each access technology (FttP, HFC and
Vectoring). Panel D illustrates the distribution and locations of all approx. 8,000 MDF in

the German access network.
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based access technology cannot offer reliable and widespread upgrade potential towards
Gigabit. Under the EC regulation and in long-term consideration it can therefore only
serve as a bridging technology towards a pure fiber-based FttP network.

Vectoring is deployed predominantly by the Deutsche Telekom since the Bundesnet-
zagentur permitted its use in 2013. At the start of our observational period, 96,75 per-
cent of German municipalities were connected by a VDSL based technology offering 50
Mbit /s downlink or more (Vectoring). Panel C of Figure 1.1, once again, displays the
geographical deployment pattern.

1.3.2 Identification

With the sequential introduction of Vectoring into the German telecommunications
market, a natural experiment is provided which permits the identification of a potential
causal relationship between the technology’s availability and the deployment of FttP. In
August of 2013, the Bundesnetzagentur (2013) initially permitted Vectoring in so called
Remote areas, i.e. areas outside of 550 meter wire length starting from the serving main
distribution frame (MDF). Vectoring deployments for households within that wiring
distance of 550m from the MDF - the so-called Near areas - were permitted only in July
2017 (Bundesnetzagentur, 2016). This sequential introduction stemmed from technical
limitations of the equipment installed in MDFs which was not interoperable with the
equipment that needed to be installed in cabinets located too close to the MDF.” Prior
to the application for Vectoring clearance, this sequential procedure could not have
been anticipated by market participants. These circumstances enable the observation
of Near areas in which 504+ Mbit/s connections could be provided only by means of
FttP and HFC - as the EC target demands - and Remote areas in which all three
technologies could be deployed. Panel A of Figure 1.2 illustrates the classification of
Near and Remote areas within municipalities based on MDF placement.

We follow the common definition for Near areas and choose a radius of 550m around
each MDF, which is a necessary approximation for the actual Vectoring availability.
However, the technical limitations apply to wiring length, not aerial distance, but
wiring may follow street corners or may be placed so as to access an entire block most
efficiently. The “curvier” such paths, the more likely it becomes that households in the
outskirts of the 550m radius defining Near areas are, in wire length, sufficiently distant

from their MDF to permit Vectoring. However, only by allowing these false negatives

"Specifically, the equipment enabling Vectoring is the Digital Subscriber Line Access Multiplexer
(DSLAM). Usually, these are installed in cabinets in the form of Outdoor-DSLAM and supply their
respective catchment areas. If a MDF is located nearby, the Outdoor-DSLAM has to restrict its
transmission spectrum on certain frequencies so as not to interfere with the MDF’s signal. This spectral
attenuation is normalized in the ITU-Standard G.997.1 and limited the applicability of Vectoring in
its early form. Thus, the Deutsche Telekom decided to initially introduce Vectoring in Remote areas
only, where the distances to the nearest MDF are sufficiently large.
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Figure 1.2: MDF placement and identification
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Notes: Panel A illustrates the classification of Near and Remote areas based on MDF placement
as well as Remote-only municipalities which are not served by an MDF within their own bound-
aries. Panel B schematically displays the structure of the local loop. The Near area is defined
by a 550m radius which allows for an exceptional case where the wire path is so“curvy” that
households are accessible with Vectoring despite being theoretically located inside a Near area.

can the households outside the Near areas be properly defined as legally accessible and
thus serve as functioning control group.® Panel B of Figure 1.2 displays the schematic
structure of the local loop and the special case mentioned above.

The placement of MDF and thus the selection of households into Near and Re-
mote areas rests on the historical structure of the German PSTN. That structure was
determined first in the 1920s and then reshaped in the 1960s following reconstruc-
tion after the Second World War and during the German separation. Consequently,
existing infrastructure, especially railways, together with population centers at the
time shaped the network. Infrastructure influenced wiring paths, while the number
of MDF grew with population size and remained substantially smaller in the GDR.
Notably, wiring length had no impact on the quality of the offered telephone ser-
vices, allowing MDF' location choices to be based on structural characteristics and the
technological restrictions of the time. ® One MDF could, for example, house only a
limited number of copper twin wires, which caused their number to inflate in larger
cities.!® Sparsely populated areas, on the other hand, required fewer MDFs or even

none at all, shifting the location choice to questions of lots, suitable buildings and

8Furthermore, choosing a radius other than the 550 meters that define the technological limitation
would be arbitrary. Accuracy of the measurement could only be improved if one accounts for the wire
length of every individual connection. However, this data is not accessible.

9For reason of this exogeneity, Falck et al. (2014) also used the structure of the PSTN for identi-
fication purposes.

10A main cable from any MDF can contain up to 2,000 copper twin wires.
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topographic issues. Panel D of Figure 1.1 displays the placement pattern of MDFs in
Germany.

Given these relationships, it follows that municipalities with different population
shares residing in Near areas also differ systemically in structural characteristics, neces-
sitating a matching procedure to improve the quality of the control group comparison.
Such an approach is as much precaution as it is necessary by endogeneity concerns.
While today’s deployment decisions cannot have influenced MDF placements 60 years
- or even a century - ago, today’s infrastructure roll-out might well be based on mu-
nicipal characteristics. These, in turn, are likely to be time-persistent and could have
influenced MDF placement at the time, which serves as selection into treatment. Con-
sequently, despite the treatment being exogenous, it cannot be analyzed without ac-
counting for the underlying structural characteristics. Their potential persistence could
otherwise bias estimates on today’s deployment effects when omitted. Population den-
sity, firm agglomeration and topographic peculiarities are all potential causes for such a
bias. In conclusion, we chose to augment the identification by conducting a propensity

score matching based on the variables best predicting MDF placement (see Section
1.5.2).

1.4 The Data

1.4.1 Broadband data

Infrastructure data is sourced from the Breitbandatlas, a database funded by Germany’s
federal government collecting information on household access to broadband technolo-
gies. Network operators voluntarily communicate to the database the share of accessed
households and available speeds per technology in a given area. This data is provided
on an aggregated basis.!* All operators’ offers are accumulated into the share of all
households connected to either a certain speed or technology. Speeds are sorted into
specific ranges, namely: > 1, > 2, > 6, > 16, > 30 and > 50 Mbit/s of which the
last is used in this analysis because it is feasible only with Fiber, HFC and Vectoring.
The most finegrained aggregation level in the data is that of municipalities, providing
about 11,000 observational units for Germany.

For identification of the Vectoring-specific regulation (see Section 1.3.2), the munic-
ipality coverages were split into Near and Remote areas using virtual circles of 550m
radius around the geographical positions of all main distribution frames. Of Germany’s
11,187 municipalities in the set, 4972 possess MDF within their boundaries and thus

' Note that the data used in our analysis was provided by the Ti{iV Rheinland, which had adminis-
tered the Breitbandatlas until December 2018. AteneKOM has since assumed that role, but informed
us that they had not received the historical data from TV Rheinland. For this reason, our data is -
to our knowledge - no longer accessible from the Breitbandatlas.
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comprise Near and Remote areas, whereas 6211 do not and are classified as Remote-
only. A further four municipalities are small enough to not surpass their respective

Near area boundaries. Technology information per municipality type is summarized
in Table 1.1.

Table 1.1: Average coverages by technologies

Municipality ~ Count Fiber.2013 Fiber.2017 HFC.2013 HFC.2017 Vec.2013 Vec.2017

Near-only 4 0 0 0.078 0.0823 0.0954 0.1162
Remote-only 6211 0.0118 0.0568 0.1303 0.1538 0.0935 0.3206
Both: Near 4972 0.0075 0.0279 0.3582 0.4157 0.0631 0.2716
Both: Remote 4972 0.0066 0.0274 0.2826 0.322 0.0589 0.3173

With FttP Expansion:

Near-only 0 - - - - - -

Remote-only 622 0.1087 0.5586 0.15 0.1625 0.099 0.2929
Both: Near 637 0.0588 0.2174 0.5536 0.5994 0.0967 0.3943
Both Remote 637 0.0516 0.2141 0.4437 0.4741 0.0827 0.4593

Notes: The Average coverage quotas for all broadband technologies in municipalities are shown for
Remote-only, Near-only and Near € Remote municipalities. The latter group is split into its two
areas, but prefixed with “Both” for identification. The second part of the table shows the average
coverages for all municipalities with positive FttP expansion during the observation period.

The timeframe covered in the data is that between December 2013 and June 2017,
as this is the period for which the technological restrictions needed for the identification
strategy were in place. Previous data is non-comparable because Vectoring had not
yet been permitted, whereas Vectoring is universally feasible from a legal standpoint
afterwards.!? Hence, the choice of any other period would include a structural break
invalidating the natural experiment.

The three and a half years covered in the treatment period are also sufficient to
accommodate planning cycles and actual deployment, that is, for expansion to occur
and treatments to show an effect.!®> However, expansion is still slow. Of all municipal-
ities, only around ten percent receive any investment in FttP. Of those, Remote-only
areas exhibit, on average, 56 percent of their households covered, while municipalities

with MDFs receive coverage of around 21 percent by December 2017.14 For the whole

12 Additionally, the period from July 2017 to December 2018 is too short to observe significant
expansion unrelated to projects ongoing in the treatment period.

3Existing changes in FttP coverage - the most costly and time-consuming technology to roll-out -
underline this assumption (see Table 1.1), although expansion is still slow.

MNote that median values for expansion in municipalities with both areas are substantially smaller,
at 5 and 6 percent for the two areas. This reflects the decrease in deployment intensity for larger mu-
nicipalities on one hand and the high coverage shares for small, primarily Remote-only ones. Generally
speaking, coverage changes are always subject to size differences between observation units. In our
case, a given number of accessed households will translate to a larger coverage change for smaller
municipalities than for large ones. However, observing households instead would by no means im-
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of Germany, average coverage drops to 5.7 and 2.7 percent, respectively, stressing the
slow speed of FttP expansion. The largest increases in coverage can be observed for
Vectoring. Notably, an increase in HFC coverage is also observed, but owed not to

physical deployment in the ground but to upgrades of existing systems.

1.4.2 Municipality data

The supply of broadband connections and the underlying investment decisions are
likely based on market size and (presumed) willingness to pay. Given the high fixed
costs of deploying fiber networks, a sufficiently large uptake and adoption of those
services is necessary to recover costs. The uncertainty regarding these profits very
likely constitutes a major cause for the slow expansion of FttP. More importantly,
alleviating or reducing these risks will be paramount to network operators. In lieu
of the network operators’ actual calculations, municipality characteristics are the best
approximation for them. Population and its composition are market size attributes,
whereas information on the topology or urbanization structure of a given municipality
provide insight into cost factors and the general accessibility. In particular, neighboring
commercial centers - requiring their own unrelated fiber accesses - or new residential
construction would influence coverage decisions for existing housing.

German municipalities (Gemeinden) provide information on their population, use
of area and related statistics in the Regionalstatistik database. Data for 2013 is used
to align with the start of the observation period, whereupon expansion decisions would
have been based.!® Average statistics for some key variables are provided in Table 1.2.
Remote-only municipalities are smaller in terms of population, area and industry. This
is a direct consequence of the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>