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Abstract

This paper examines the effects of spectrum auctions on mobile market competition. A
simple theoretical model suggests that bigger incumbents will acquire more spectrum in auction
to pre-empt after-market competitors. We use novel data from European 4G spectrum auctions
to present suggestive evidence of this effect. Exploiting cross-country differences in the timing of
auctions we find that sub 1GHz auctions increase concentration, incumbent prices, and reduce
entrant investment in 4G coverage.
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1 Introduction

Spectrum is an essential input for the provision of mobile services. Since the introduction of smart-
phones in the late 2000s, demand for these services has been growing steadily. Since the mid-1990’s
national regulatory authorities (“NRA”s) have turned increasingly to auctions for assigning rights
to use spectrum. Importantly, mobile service providers have to compete with one another both
in the spectrum auction and afterwards, in the mobile product market. Excluding the impact on
market concentration, spectrum auctions should be welfare improving. Auctions replacing admin-
istrative procedures for allocating spectrum rights ensure the highest value user obtains access to
each incremental block. However, spectrum in auctions is rarely equally divided. Other things
equal, the more spectrum a firm has, the lower will be its incremental cost of capacity, and the
better the quality of service that it can provide. This means that the value of incremental blocks
of spectrum are derived from how those blocks affect a firm’s costs, and, in turn, the impact on
the cost reduction on profits. Recent theoretical literature suggests that auctions may have am-
biguous welfare effects when after-auction markets are considered (Janssen and Karamychev|[2009;
Kasberger|2020)). Existing empirical literature on the effects of spectrum auction concentration on
competition is inconclusive and there is little recent evidence for the 4G era.

In this paper, we examine how 4G spectrum auctions affect market structure and outcomes
in Europe. We do this by creating a new dataset that combines information on operator-level
revenues, subscriber numbers and population coverage together with a hand-collected data on 4G
spectrum auction events in 17 European countries. Our quarterly data spans from 2009 Q2 to
2019 Q1. Our analysis suggests that auctions, particularly for scarce sub 1GHz spectrum, appears
to have had some adverse effects on the market for downstream communications services. This
does not necessarily imply that the auctions reduce welfare (the combination of consumer and
producer surplus) relative to a counterfactual world without auctions. Previous literature such as
Hazlett and Munoz| (2009) suggests that auctions on the whole increase welfare. That said, the
extent to which auctions allocating spectrum affects welfare should depend on competition in the
telecommunications market. Our findings present the first empirical suggestive results on these
effects.

We develop a simple theoretical model to guide our thinking. We model an oligopolistic market
where firms compete for capacity-expanding spectrum. Firms with the lowest ex-ante cost tend to
have the highest willingness to pay for incremental amount of spectrum. Those firms with larger
spectrum holdings tend to have larger market shares, lower unit costs and larger margins. Thus,
the larger incumbents have larger profits that can be eroded if smaller rivals or other challengers
(potential entrants) can close the gap. This tendency is more pronounced for low frequency, below
1 GHz, “coverage” bands, than for the higher frequency, “capacity” bandsE] The latter tends
to be much more abundant than the former. Absent constraints on spectrum holdings, stronger
incumbent firms should win more than proportional share of spectrum (and especially low-frequency
spectrum) in auctions, which should increase their market shares ex-post. Auctions for higher
frequency spectrum will tend to reduce marginal capacity costs for all firms and will have ambiguous
impact on concentration and profit margins. These predictions are consistent with other pre-
emption models.

We use a difference-in-differences empirical identification strategy that exploits variation in
the timing of auction events. For example, while Germany had its first 4G spectrum auction in
Q2 2010, Switzerland had its first auction 4G auction in Q1 2012 and the UK did not have its
first 4G spectrum auction until Q1 2013. Such differences are not driven by ex-ante competition.

!See https://www.gsma.com/spectrum/what-is-spectrum/|for an explanation of this distinction.
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Rather, they are caused by technical and bureaucratic reasons. We provide anecdotal support for
these assumptions in Section [2| below and more formal balancing tests in Section We compare
differences in outcomes between countries with earlier and countries with later auction events. We
also allow for heterogeneity in effects depending on whether the spectrum auctioned was above or
sub-1 GHz. Sub 1-GHz spectrum have better propagation than higher frequency bands but there
are fewer units of this spectrum available. Last, a novel feature of 4G spectrum auctions is that
unlike 3G auctions, many countries had multiple auctions. Out of the 17 countries in our sample,
only 4 had one 4G auction event. This is because there are multiple 4G bands, unlike 3G and the
spectrum became available gradually after The European Telecommunications Standards Institute
(ESTI) completed its deliberations on 4G standards and spectrum to be allocated for 4G.

We examine outcomes at both the country level, computing country-level concentration, prices
(measured as average revenues per user, ARPU), and population coverage for both existing (3G) and
new (4G) technology. We find that auctions can result in increasing product market concentration
(as measured by HHI and C1). As suggested by the theoretical model, this is the case for sub 1GHz
auctions. HHI and C; fall after a country conducts its first high-band (above 1 GHz) spectrum.
That said, after the second high-band spectrum auction, concentration measures revert back to
their initial levels. This is likely because only the largest incumbents can afford the cumulative
cost of multiple auctions. Consumer spending as measured by average revenues per user is also
lower after auctions for capacity bands, but not for coverage bands. Coverage, at the country level,
generally increases after auctions suggesting that they affect firm investment.

Examining the effects of auctions on individual operators uncovers important heterogeneity in
effects. Strong incumbent operators - the so-called PTT operators, or other strong incumbents -
are likely to respond to auction events by raising their prices. For PTT operators, this occurs both
after low bandwidth and high bandwidth auctions. For other strong incumbents, this only occurs
after low bandwidth auctions. In some cases, increases in prices come with increasing 4G coverage,
suggesting that the price increases could reflect additional investment or the introduction of new
high quality products. In other cases, there are no investment effects.

By contrast, weaker firms in the market, who are oftentimes entrants from the previous round
of 3G auctions in the 2000s, only respond to auctions by dropping their prices. We also find that
the 4G coverage of 3G entrants in countries that experienced low-band spectrum auctions lags
the 4G coverage of 3G entrants in markets that have not had 4G auctions. This is likely because
they face stronger competition from incumbent operators, or because they cannot afford additional
complementary investment in towers. Other literature suggests that such investments are crucial
for competition (Marcoux|2019). This suggests that not only do auctions affect concentration, but
they may also contribute to a bifurcation of the set of operators into a set of higher ARPU better
coverage firms and those who offer lower quality and charger lower prices.

We provide suggestive evidence for the mechanism from the model that is driving the regression
estimates. As predicted by our theoretical model, we find that the share of total spectrum won by
strong incumbents in sub 1GHz auctions is greater than the share of total spectrum won by strong
incumbents in >1 GHz spectrum auctions.

Our paper contributes to the literature studying auctions with after-market competition. |Janssen
and Karamychev| (2009,0) show that while under the auctioned sale of a single license the most effi-
cient firm wins, this is not necessarily the case when there are multiple auctioned licenses and when
the firms compete afterwards. Kasberger| (2020]) shows similar effects in a Vickrey-Clarke-Groves
auction. Our empirical evidence directly speaks to these papers. Broadly, we find some support
for their theoretical predictions.

We also contribute to the empirical literature on the study of auctions and competition by mobile
providers. We empirically show that spectrum auctions affect competition in mobile markets.



Unlike previous papers that compare beauty contests to auctions (Kuroda and Forero [2017) or
look at spectrum concentration more generally (Woroch!2020)), we explicitly compare markets with
auctions and without auctions. Our operator level results also provide additional granularity and
heterogeneity to the effects of auctions that were mostly absent from previous studies. Our data is
also more recent than the existing literature, focusing on 4G rather than 3G auctions.

One larger underlying question is what type of caps or provisions to limit ex post concentration
is optimal. Our results can only provide indirect indications of the impact of potential benefits
of caps that limiting post-auction concentration. More specifically, we find that coverage after
auctions for sub-1 GHz spectrum is less than would be the case without such an auction. Further,
per subscriber revenues are lower after auctions for above 1 GHz spectrum. But, more complete
analysis which would cover both investment and allow for demand estimation, which would require
additional data.

The rest of the paper is organized as follows. The next section covers related literature. The
following section provides some background information about the market. Section 3 presents a
short literature review and Section 4 has a rudimentary theoretical model to guide our thinking.
Section 5 describes our dataset, and Section 6 our empirical methodology. Section 7 shows the
main results and Section 8 presents additional results and discussion. Section 9 concludes.

2 Background

The first spectrum auctions were mostly for “2G’” spectrum starting in the mid-1990’s in North
America. The first large wave of spectrum auctions in Europe were in 2000-2001 for the“3G”
licenses. The European Telecommunications Standards Institute, or “ETSI,” sets policy for both
technology and band plans in Europe. ETSI also proscribes deadlines for member states to allocate
spectrum in each band, although delays are not uncommonE] While most EU countries continued to
rely on administrative procedures, or “beauty contests,” for 3G licenses, five European countries, the
UK, Germany, Netherlands, Italy and Switzerland, conducted auctions. Before that time, spectrum
were allocated by mostly by beauty contests. These first set of 2G and 3G allocations established
initial market structure for wireless mobile communication network service providers. At the time,
wireless service was new, and was starting to compete with traditional wireline networks for many
communication services. Then starting about 10 years later, a new set of spectrum bands were
released, for “4G” services. Additionally, most European countries needed to re-allocate 1G and
2G spectrum, as the original licenses were expiring.

During the decade for which we have data, NRAs auctioned blocks in several spectrum bands.
The primary spectrum available in the auctions were the 4G bands, in the 800 MHz and 2600 MHz
range. Some auctions also included re-auctions of GSM, or 2G spectrum in the 900 MHz and 1800
MHz range as well as re-auctions of 3G spectrum in the 2100 MHz range. Note, that the 2G and
3G spectrum can be repurposed, “re-farmed” for 4G. There was also some other spectrum, such
as in the 1400 MHz range that has been auctioned during this period. The sub 1 GHz bands, 700
MHz, 800 MHz and 900 MHz, have better propagation that the higher frequency.bands. Therefore,
these are sometimes called coverage bands. On the other hand, there is typically more of the above
1 GHz spectrum available. Thus, the term applied is capacity bands.

3 Related Literature

We relate to the theoretical and empirical literature on auctions with aftermarket effects.

2See the recent UK 5G auction for an example (FT.com).
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Jehiel and Moldovanu| (2003) consider several examples of auctions of fixed-size spectrum li-
censes, and discuss the likely market outcomes. Mayo and Sappington| (2016) explore a Hotelling
model in which a single block of spectrum is available. They show that an auction is unlikely to
result in an optimal allocation and consider various corrective handicapping policies. [Klemperer
(2004)) warns regulators against the temptation of taking measures to increase auction revenues at
the cost of discouraging entry, and suggests instead the Anglo-Dutch hybrid auction as a way to
balance the trade-off between revenues and post-auction concentration. E] Cramton et al| (2011)
argue that, absent provisions to handicap large bidders, entrants and small participants are unlikely
to win new spectrum; hence, regulators should concentrate their efforts on achieving an efficient
allocation rather than revenue maximization. |Janssen and Karamychev| (200940 study the impact
of auctions on ex post prices.

There is a link with the literature on patent races. In that literature, an incumbent has a
preemption incentive (see |Gilbert and Newbery||1982 and [Reinganum)|1983) and the market heads
to increasing dominance (Vickers) when there is Bertrand competition. [Vickers (1986) and |Budd
et al.|(1993) show that the evolution of market structure always moves in the direction of higher
industry profits. This is also true in much of |Rey and Salant| (2020).

We also relate to the empirical literature on spectrum concentration and post-auction outcomes.
Hazlett and Munoz (2009) estimates the effects of 3G spectrum auctions on prices and calibrate
their welfare effects using a Cournot model of competition. They find that the release of new
spectrum is correlated with lower prices and that they increase welfare. [Woroch/ (2020) empirically
studies how spectrum concentration relates to the performance of the U.S. wireless industry using
within-US variation in spectrum allocation. He finds an inverted-U relationship between spectrum
concentration and measures of consumer welfare. These findings are contrary to the conventional
concentration-performance hypotheses and cast doubt on policies that attempt to equalize own-
ership of spectrum. Kuroda and Forero (2017) examines the effect of 3G spectrum auctions on
market outcomes. Using data for 47 countries from 2000 to 2008, they compare countries with
spectrum auctions and countries that used beauty contests to assign licenses. Their analysis shows
that, on an average, spectrum auctions decrease the 3G mobile phone diffusion rate relative to a
beauty auction. They find no significant effects on other market outcome variables (price, number
of firms, HHI, and 3G HHI). Using Canadian data, [Marcoux (2019) shows that even with spec-
trum subsidies and set-asides new entrants may fail after auctions due to expenses associated with
building out telecom networks. [Marcoux| (2019)’s results suggest that higher auction expenditures
(due to strong competition from incumbents) may crowd out or limit post-auction investment.

More generally, we related to the literature on telecom market competition. |Genakos et al.
(2018)) investigate relationships between market structure, prices and investment in the mobile
telecommunication market. They find that more concentrated markets lead to higher end user(retail)
prices and higher investment per mobile operator, and an inconclusive effect on investment. |Landier
and Thesmar| (2012) evaluate the macroeconomic impact of the entry of the fourth telecom oper-
ator in France, Free. They find that entry benefited the population in several ways. First, it had
an immediate effect on consumer prices, which increased the purchasing power of the population.
Second, the price shock induced by the enhancement of competition created between 16,000 and
30,000 jobs in France. The authors argue that far from distressing the financial position of incum-
bents, the increased competition encouraged investments in the sector. A large-scale cross-country
analysis of spectrum awards and found a significant positive relation between market concentration
and consumer prices. This suggests that the social benefits from encouraging entry can more than

3Cramton et al.| (2011) notes that provisions favoring entrants need not always sacrifice auction revenues; they
provide one example, with one incumbent and several symmetric potential entrants, in which setting a license aside
for the entrants does not affect auction revenues.



offset the loss of auction revenue from spectrum withholding or concentration.

4 Theory

This section provides the theory that governs market dynamics. There is by now a significant
literature on this topicf_f] The willingness of a bidder to pay for spectrum is derived from the
impact of the spectrum on its profits. This impact is, in part, determined by how additional
spectrum affects marginal capacity costs (Peha; (2017)).

In an oligopoly with more than two firms, the impact on one firm’s profits of winning a spectrum
block depends on the assumed winner should that firm lose the block. Where the downstream
market is best characterized by Bertrand competition, then only the costs of the lowest two firms
matter. Let 7(c;,c_;) denote firm j’s profits when it has unit capacity cost ¢; and its rivals costs
are c_;.. Moreover, as in Pehal (2017)), assume that ¢; = C(S;) where S; is the amount of spectrum
j has. Typically, C'(S) < 0.. Let A be the additional amount of spectrum available. Assuming
firm j starts with S; > Sy, for all j # k, then j's willingness to pay for a block of size A is:

Vi(A) = m(C(S), +Ac—;) — m(c;(5;), €—5) (1)

where €_; denotes the costs vector of rivals when another firm wins the block A. This value, V;
may not be well-defined when there are three or more rivals and indeterminancy in which other
rival would win the block if firm j does not. For current purposes it suffices to make the arbitrary
assumption that each bidder would be able to perfectly predict who would win that block. In the
case of Bertrand competition, becomes:

Vi(A) = QUCk(Sk)] x [Cr(Sk) — C;(S; + D)

where Sy > Sy, for all h # 4,k and Q%(p) is the demand function. In this case, the firm with lowest
ex ante cost will have the highest willingness to pay for any incremental amount of spectrum. In
practice, there can be caps or other financial or political constraints that limit ex post concentration.
In the case of Cournot competition, the profit terms in are the Cournot equilibrium profits. As
shown in |Vickers| (1986), the firm will higher willingness to pay for a block of spectrum need not
be the firm with lowest ex ante costsfl

The outcome with multiple auctions for incremental blocks of spectrum has been looked at in
Rey and Salant| (2020) for the case of Bertrand competition. The firm with ex ante lower cost should,
in that case, win all incremental blocks, absent caps. The outcome with Cournot competition or
with differentiated product competition has not, to our knowledge been studied extensively. Related
analysis on patents (Vickers|/1986| or Budd et al.[1993]) suggest that concentration increase will be
limited.

5 Data

Our data on market outcomes and competition in telecommunications comes from the Global
System for Mobile Communications Association (GSMA). This includes quarterly operator level
data on each operator in 17 European countries from Q2 2009 to Q1 2019. The data covers the
number of mobile subscribers for each operator, the 3G and 4G coverage of each operator (as a

4See [Cramton et al| (2011, [Salant| (2014) and [Rey and Salant| (2020).
9Kasberger| (2020) has analyzed the auction outcome in this case.



percentage of total country population) and the average revenue per user (ARPU)H Measures such
as ARPU are commonly used as a proxy for user prices in studies of mobile telecommunicationsm
The GSMA data also includes total country population in that quarter.

Our data on European 4G spectrum auctions is collected from several source. Spectrum auctions
up to 2014 could be found in Ofcom’s document (OfCom)). After 2014, we hand collected spectrum
auction data by looking at the websites of country telecom regulators and at websites by industry
observers. We provide a list of data sources in Table Data on GDP per capita for our sample
of countries in USD PPP comes from the OECD.

Table |1] displays summary statistics at the country and at the operator level. For the country
level data, we compute averages weighted by the subscriber market share of each operatorﬁ There
are 4 operators in each country on average, and average country subscriber HHI is around 3,300.
This is broadly similar to other studies of this market (i.e., Genakos et al.|2018). The operator
with most subscribers in the country has 42% of the subscriber market share. ARPU in a country
is approximately 19 Euros. On average, approximately 87% of a country’s population are covered
by 3G mobile services during our sample period. Only 42% on average are covered by 4G services.
63% of the population in the average country subscribes to a broadband mobile contractﬂ

Table [2| summarizes the set of 4G spectrum auction events in the 17 countries in our sample.
It lists the auctions in chronological order by quarter, separating whether the auction sold sub 1
GHz spectrum, above 1 GHz spectrum or bothm It shows substantial heterogeneity in the timing
of 4G auctions across countries. Denmark, Germany and the Netherlands are the first countries to
have 4G spectrum auctions in the second quarter of 2010. By comparison, Sweden had its first 4G
spectrum auction in the first quarter of 2011, Switzerland in the first quarter of 2012, and the UK
did not have its first 4G spectrum auction until the first quarter of 2013. Unlike 3G auctions, most
countries also had multiple 4G auctions. This is because the spectrum became available gradually
after ETSI completed its deliberations on 4G standards and spectrum to be allocated for 4G. Out
of the 17 sample countries, 7 had at least two distinct < 1GHz auctions and 11 had at least two
distinct > 1GHz auctions.

5Raw data also includes some measure of profitability such as CAPEX and EBIDTA for a subset of operators in
each country. Unfortunately, these data are highly incomplete. For example, in Germany, two out of the four main
operators have no CAPEX data for the sample period. We choose not to use this data because of such selection
issues. Similarly, data on the number of mobile towers for each operators is highly incomplete and we choose not to
use these as well.

"e.g., McCloughan and Lyons| (2006). [Hazlett and Mufoz| (2009) divide ARPU by the average number of voice
minutes used in a country to obtain Revenues per Minute (RPM). In our setting, this proxy of prices would be
inaccurate as non-voice services such as texting and data became increasingly important in the 2010s. Unfortunately,
we only have fragmentary data on operator level data usage.

8Simple average estimates are qualitatively and quantitatively similar.

9We focus on broadband subscriptions rather than overall subscriptions since we think this is the most relevant
metric in the 4G era. Overall mobile subscriptions also include pre-paid subscriptions in some of our sample countries
and are not informative. For example, on average, 129% of a countries population has a mobile subscription, which
surely does not accurately reflect true active subscription rates. Pre-paid and post-paid subscriptions are not clearly
separated for all countries in the raw GSMA data.

10WWe collect additional data for each auction. We calculate total auction revenues, measure whether there was any
unsold spectrum, and whether there were any set-asides or caps. While this additional data is interesting, we are not
able to incorporate them into our estimation strategy. For example, there is not enough variation in set-asides or
caps. or the presence of unsold spectrum to make meaningful inference.
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Table 1: Summary statistics

Variable N Obs Mean Std. Dev.

Country-Quarter Level

HHI 663 3307.836 545.966
C1 663 425 077
N Competitors 663 4.072 952
Country Avg ARPU 663 18.612 7.922
Country Avg 3G Coverage (% of Population) 663 87.557 13.335
Country Avg 4G Coverage (% of Population) 663 42.159 38.79
Broadband Subs / Pop 663 769 .305
Population 663 2.18e+07 2.41e+407
GDP Per Capita (USD PPP) 663 37,865 11,288

Operator-Quarter Level

ARPU 3159 14.617 10.63
3G Coverage (% of Population) 3159 71.264 36.766
4G Coverage (% of Population) 2340 40.512 41.534

6 Estimation

6.1 Country Level Regressions

Our goal is to evaluate the effects of spectrum auctions on market outcomes. We use a difference-
in-differences identification strategy, comparing countries that experienced auctions to countries
that have not yet experienced auctions, before and after auctions. The most basic difference-in-
differences specification at the country level, for country ¢ in time ¢ is:

Y. = ar After HighAuctiong + as After Low Auctiong + BXet + 0e + 0 + €ct (2)

where Y,; is some country level outcome. After HighAuction. = 1 if there was an auction of high-
bandwidth spectrum (> 1GHz) in period ¢ or at any previous period (i.e., t—1,t—2,...). It is equal
to zero otherwise. AfterLowAuction, = 1 if there was an auction of low-bandwidth spectrum
(<GHz) in period t or at any previous period (i.e., t —1,t —2,...). It is equal to zero otherwise. d;
and 0. are quarter /year and country fixed effects. X4 are country/time varying characteristics (i.e.,
GDP per capita, share of mobile subscribers in the population). «; and ag capture the treatment
effects of a high-bandwidth and low-bandwidth auctions, respectively.

A concern with estimating this regression is that in the 4G era, unlike the 3G era, many
countries have multiple auctions. Table [2] shows that out of the 17 sample countries, 7 had at
least two distinct < 1GHz auctions and 11 had at least two distinct > 1GHz auctions. Since the
later auctions generally started with different market positions than the earlier auctions, or when
spectrum is divided into two tranches, the positions of the bidders will change it is important
to allow for heterogeneity of effects between one auction and a second auction. To address the
existence of multiple auctions, we adapt the estimating equation as follows:



Table 2: List of 4G Auctions from 2010 to 2018

Country Quarter Year < 1GHz Spectrum Auctioned > 1GHz Spectrum Auctioned
Denmark 2 2010 0 1
Germany 2 2010 1 1
Netherlands 2 2010 0 1
Denmark 3 2010 1 1
Austria 4 2010 0 1
Sweden 1 2011 1 0
Spain 2 2011 1 1
Italy 3 2011 1 1
Spain 3 2011 1 1
Greece 4 2011 1 1
Portugal 4 2011 1 1
Spain 4 2011 1 1
Sweden 4 2011 0 1
Switzerland 1 2012 1 1
Denmark 2 2012 1 0
Romania 3 2012 1 1
Ireland 4 2012 1 1
Netherlands 4 2012 1 1
United Kingdom 1 2013 1 1
Austria 4 2013 1 1
Czech Republic 4 2013 1 1
Norway 4 2013 1 1
Slovakia 4 2013 1 1
Slovenia 2 2014 1 1
Greece 4 2014 1 1
Germany 2 2015 1 1
Slovenia 3 2016 0 1
Ireland 1 2017 0 1
Norway 2 2017 1 0
Czech Republic 3 2017 0 1
United Kingdom 1 2018 0 1
Italy 3 2018 1 1
Spain 4 2018 0 1
Sweden 4 2018 1 0

Notes: This table describes 4G spectrum auction events in 17 European countries from 2010 to 2018. The first three columns
reflect the country, quarter and year of the auction event. The fourth column titled “< 1GHz Spectrum Auctioned” is equal
to 1 if there was sub 1 GHz spectrum auctioned at that country/quarter/year combination and zero otherwise. The fifth
column titled “> 1GHz Spectrum Auctioned” is equal to 1 if there was high bandwidth >1 GHz spectrum auctioned at that
country/quarter/year combination and zero otherwise. Sources for the data in this table are in Table

Y.t :a{{AfterFirstHz’ghAuctionct + afAfterSeconde’ghAuctionct (3)
+ alL AfterFirst LowAuctione + a% AfterSecondLowAuctione;
+ BXct + (50 + 6t + €t

where AfterFirstHighAuctions is a dummy variable equal to 1 in all periods after the first
observed high-bandwidth spectrum auction in the data. AfterSecondHighAuctiong is a dummy
variable equal to 1 in all periods after the second observed high-bandwidth spectrum auction in
the data. AfterFirstLowAuctions and AfterSecondLowAuction. are analogously defined for



low-bandwidth spectrum. This means that the coefficients o’ and o should be interpreted as the
effects of the second auction relative to the first auction. For example, the total effect of the first
high-bandwidth spectrum auction on outcome Y relative to no auction is a{{ . The total effect
of the second high-bandwidth spectrum auction on outcome Y relative to no auction is equal to
a{f + af .

Identification of effects in these reduced form regressions relies on a number of important as-
sumptions. As with other difference-in-differences designs, it is important to make sure that there
is no pre-existing variation in outcome variable trends driving the results. We also assume that the
timing of the auctions is quasi-random (within a short period of time). We test these assumptions

explicitly in Section

6.2 Operator Level Regressions

Country-level regressions should be informative of the awverage effects on spectrum on competi-
tion or prices. The extensive theoretical and empirical literature on auctions and competition in
telecommunications markets shows that there should be substantial within-country heterogeneity
across different firms. Not all competitors are made equal, and firms like the historical PTT mo-
nopolists face different access to financing, spectrum capacity constraints and incentive structure
than firms who entered in the 1990s or the 2000s.

Our simple model in Section [4] also predicts firms to have heterogeneous responses to the auc-
tions. Stronger operators could have an incentive to over-purchase spectrum at auctions to limit
after-market competition from other firms in the market. They will then be in a stronger position
after the auction. Such changes would affect pricing and investment strategy. Both the stronger
incumbents and the weaker other competitors may increase or decrease their prices and investment
(which could be complementary to their spectrum winnings). The effects on different types of firms
could diverge, with a subset of firms increasing their prices and another subset decreasing their
prices. Such divergence could average out to zero at the country level and hide policy-relevant
results such as large increases in prices by incumbents or large decreases in prices by new firms.

To address these concerns and to fully leverage our operator-level data, we introduce an op-
erator-level specification. For operator ¢ in country c at time ¢, outcome Y. is a function of the
following:

Yiu :a{{ AfterFirstHighAuctiong + af AfterSecondHighAuction. (4)
+ alL AfterFirstLowAuctione + a% AfterSecondLowAuctiong;
+ /BXict + 51 + (5,; + 515 + €Eict

This model is a similar to the country-level model in Equation (3). The difference is the addition
of operator-level fixed effects §; which absorb any fixed observable and unobservable heterogeneity
between operators. The key parameters in these regressions are still the as, which estimate the
average treatment effects of high and low GHz spectrum auctions at the operator level.

Because these are average treatment effects, estimating this regression for all operators in all
countries does not capture the underlying heterogeneity in responses. To do this, we classify
operators into three distinct types and estimate Equation (4) separately for each operator group.
The first group are operators who have the largest market share in the first period of our sample.
These operators roughly coincide with the “PTT” or fixed-line incumbentsﬂ These are operators

HThey include 02 (formerly British Telecom) in the UK, Deutsche Telekom in Germany, KPN in the Netherlands



who served as the traditional monopolists in the pre-competition era in the 1980s and who received
sub 1 GHz spectrum in the 1980s and the 1990s via beauty pageant contests.

We separate the rest of the operators into two additional groups to capture additional hetero-
geneity in the market. Some operators who were not the fixed line incumbents entered early in the
1990s by participating in beauty contest auctions for 2G spectrum. Others entered as a result of
the 3G spectrum auctions in the 2000s. The first type usually has sub- 1 GHz spectrum holdings
and have national networks. Many operators belonging to the second type first entered into cities
and urban areas first and do not necessarily have a national presence. They also mostly have > 1
GHz spectrum holdings.

Our criteria for separating the remaining operators is based on their 3G population coverage
at the beginning of our sampleB Non PTT operators whose 3G coverage is above 46% of the
population in Q1 2009 fall into the first group, and non PTT operators whose 3G coverage is below
46% of the population in Q1 2009 fall into the second group (this roughly corresponds to above
and below the median). A manual check of the identities of these operators in several countries
suggests that this separation effectively identifies entrants from the 3G auctions in the 2000s and
those operators who entered earlier.

7 Main Results

7.1 Country Level Results

Table |3| shows estimates of Equation (3) country-level parameters. The six columns in the ta-
ble correspond to six different outcome variables. The outcome in Column (1) is country-level
subscriber-based HHIH The outcome in Column (2) is another measure of concentration - the
subscriber market share of the biggest firm in the market (C;). The outcome in Column (3) is
the mean country-level Average Revenue Per User (ARPU), a common proxy for average price in
studies of mobile telecom. The means are weighted by the market shares of each operator. The
outcomes in Columns (4) and (5) measure the average percentage of the population covered by 3G
and 4G signals, respectively. The outcome in Column (6) measures the share of the population
that subscribes to a broadband mobile phone contract. Additional time varying controls in each
regression include the number of competitors in the market in the quarter, and the population and
GDP per capita. Standard errors are robust to heteroskedasticity@

We find that low and high bandwidth auctions generate opposite effects on concentration. The
first 4G high spectrum auction reduces concentration while the first 4G low spectrum auction
increases concentration, on average. This is consistent for our two measures of concentration:
HHI and the market share of the top firm (C7). Although these changes in HHI are not very
large compared to the baseline HHI (3,300) they are still economically significant. According to
FTC guidelines, HHI increases of 100 points “potentially raise significant competitive concerns and
warrant scrutiny” (FTC). Much of the movement in HHI is likely driven by changes in market
shares for the top firm in the market (C7). C; moves by approximately 1 percentage point (or 2.5%
relative to baseline pre- 4G auction Cf).

The second low- GHz auction does not change concentration relative to the first auction, but

and Telecom Italia in Ttaly. The full set of top operators are in Table [A]]

12 Alternative criteria for separating operators, for example based on their subscriber market shares, produce similar
results.

13We compute those by calculating the country-level subscriber market share for each operator in each country-
quarter. Then we sum the squares of all operators in a country-quarter and multiply this value by 10,000.

1 There are too few countries to cluster standard errors.
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Table 3: Country-Level Regression Results

(1) (2) (3) (4) (5) (6)
Outcome: HHI Ch Country Avg Country Avg Country Avg Total Broadband
ARPU 3G Coverage 4G Coverage Subs / Pop

After First < 1GHz Auction 88.630* 0.011** 0.011 2.647* -6.299 0.009
(45.754)  (0.005) (0.470) (1.555) (5.074) (0.022)
After Second < 1GHz Auction 45.527 -0.003 0.133 -0.181 2.199 0.010
(35.300)  (0.004) (0.403) (0.989) (2.430) (0.019)
After First > 1GHz Auction -101.480*%*  -0.012*** 0.268 -0.624 14.903*** -0.022
(44.724)  (0.004) (0.441) (1.655) (4.727) (0.022)
After Second > 1GHz Auction 109.557***  (0.008** -1.026%** -1.389 -0.777 -0.016
(31.243)  (0.003) (0.289) (0.931) (2.211) (0.017)
In(Population) 113.431 -0.118** -6.293 -103.359%** -117.330*** 0.758%**
(408.716)  (0.055) (6.707) (23.222) (35.559) (0.211)
In(GDP per Capita) -10.873 -0.033* 6.996*** 51.272%%* 23.165*** 0.113
(140.165)  (0.017) (1.340) (3.998) (6.545) (0.091)
N Competitors -332.165%**  ~0.026%**  _1.354%** -1.245* -12.698*** -0.021%**
(21.863)  (0.002) (0.162) (0.744) (1.502) (0.006)
Pre-Auction Mean 3,477 0.448 21.64 73.91 2.69 0.445
Country FE YES YES YES YES YES YES
Year/Quarter FE YES YES YES YES YES YES
Observations 663 663 663 663 663 663
R-squared 0.918 0.932 0.963 0.825 0.905 0.892

Notes: Sample includes country/quarter observations from Q2 2009 until Q1 2019. Outcomes in Columns (3)-(5) are coun-
try/quarter level averages weighted by the operator’s market share. Heteroskedasticity robust standard errors in parentheses.
Rk 5<0.01, ** p<0.05, * p<0.1

the second high GHz auction does. Concentration after the second high-band auction reverts to its
pre-auction levels. These results are in line with our basic intuition and with theoretical predictions.
High band auctions generally have more spectrum to allocate than low band auctions and prices
in them are lower. They give more opportunity for newer and smaller firms to build up spectrum
capacity. But there is likely only so much money that smaller mobile operators can raise to buy
spectrum due to credit market frictions and other constraints. The second high-band auctions are
possibly more similar to the low-band auctions in that they additionally benefit larger and more
established firms.

We find no statistically significant effects of any auctions on the share of a country’s population
that subscribes to broadband services. These are somewhat surprising results given that previous
empirical studies on auctions did find some statistically significant effects. For example, Kuroda
and Forero (2017)) find correlation between 3G auctions and mobile phone diffusion. The difference
may be the variation we are using to identify effects. Our coefficients of interest are identified using
“local” or short-term variation in auction event timing between the different countries. While there
may be a substantial long-run relationship, we simply cannot identify it in the space of one or two
years.

We do find that auctions have effects on country-average operator 3G and 4G coverage. The
biggest effects on coverage come from the first high-band auction. The share of the population
covered by a 4G signal increases by nearly 15 percentage points after the first high-band auction
relative to the pre-auction average. The low band auctions have no statistically significant effects
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on 4G coverage, but the first low-band auction weakly increases 3G coverage. Once again, these
results are somewhat surprising. Inasmuch as many countries implement coverage requirements as
part of their license, we would expect auctions to increase investment in coverage. The fact that
they do not could reflect changes in competition. We investigate these effects further below in our
operator level results.

We also find limited effects of auctions on country average ARPU. The only statistically sig-
nificant effect of auctions is for the second > 1GHz auction. It appears to reduce ARPU by
approximately 1 PPP dollar. This is a reduction of nearly 5% relative to the pre-auction mean
baseline of 21.64 PPP dollars (the effect of the first >1 GHz auction is a statistical zero). This
evidence is consistent with the findings of Hazlett and Munogz| (2009), but overall our findings on
prices are unclear. In particular, it is surprising that we find a deviation between the effects of
auctions on concentration and the effects of auctions on investment. We also investigate this further
below.

7.2 Operator Level Results

These country-average level results are surprising considering our findings on the effects of auctions
on concentration. In many models, increasing concentration is associated with increasing prices.
One possible explanation for this is operator asymmetry. Under asymmetric competition it is pos-
sible that some operators increase their prices following spectrum auctions and others reduce their
prices, especially if their auction outcomes differ. The net effect on prices could average out to
zero. Top operators, such as the former fixed-line monopolists, are best positioned to make the
large immediate expenditures required for spectrum auctions. But in many cases, provisions such
as set asides and spectrum caps allow new entrants (or smaller operators) to win some spectrum.
This is particularly the case for high GHz spectrum, where more bands are available for purchase.
In the 4G spectrum auctions in our data, 91% of auctions have some cap or set-aside provisionsE
Auctions can also facilitate investments and cost savings by incentivizing firms to adopt new tech-
nologies. The theoretical model in Section[dalso suggests that we should be observing heterogeneous
differences between operators.

We look at operator level data and split our sample by operator type as discussed in Section
[6l The first type we call “PTT Operators.” We define these as having the largest market share in
their country in the first year of our sample. We separate other operators into two groups: “Other
Strong Incumbents,” and “3G Entrants,” respectively. Results split by these three groups are in
Table For our operator-level data we consider three main outcomes - prices and 3G and 4G
network coverage. We find substantial divergence in the effects of auctions on outcomes for the
different types of operators.

Broadly, we find that stronger incumbents, whether the PTT operators or the “Other Strong
Incumbents,” are more likely to increase their prices following an auction. By contrast, the “3G
Entrants” only respond to auctions by dropping their prices. We also find contrasting effects on
coverage investment. The 4G coverage of 3G entrants in countries that experienced low-band
spectrum auctions massively lags the 4G coverage of 3G entrants in markets that have not had
4G auctions. This is likely because they face stronger competition from incumbent operators,
or because they cannot afford additional complementary investment in towers. Other literature
suggests that such investments are crucial for competition (Marcoux|2019)).

1531 of 34 auctions in our sample had some form of caps. Only 6 of 34 auctions had some form of set-asides, but
they almost fully overlapped with the auctions that had caps. We attempted to separate the effects of auctions by
whether they had caps or set-asides or both, but there was not enough variation in the data to identify any effects.
See additional discussion in Section
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Table 4: Operator-Level Regression Results

(1) (2) (3)

Outcome: ARPU 3G Coverage 4G Coverage
Sample: PTT Operators
After First < 1GHz Auction -0.863 1.155 -1.891
(0.554) (1.645) (4.118)
After Second < 1GHz Auction 0.857* -0.068 0.011
(0.437) (1.163) (2.130)
After First > 1GHz Auction 0.994%* 0.627 8.288%*
(0.508) (1.723) (3.966)
After Second > 1GHz Auction S1.123%FF 4,903 %** -1.780
(0.362) (1.248) (1.771)
Country Controls YES YES YES
Operator, Country and Time FE YES YES YES
Observations 663 663 624
R-squared 0.957 0.683 0.924
Sample: Other Strong Incumbents
After First < 1GHz Auction 1.544%%* 2.217 10.608***
(0.534) (1.934) (3.293)
After Second < 1GHz Auction -1.319%** -2.699* -4.403
(0.470) (1.598) (2.693)
After First > 1GHz Auction 0.313 -2.923 -14.493%**
(0.549) (1.778) (2.932)
After Second > 1GHz Auction -1.833%** -0.274 -1.964
(0.440) (1.663) (2.849)
Country Controls YES YES YES
Operator, Country and Time FE YES YES YES
Observations 1,248 1,248 975
R-squared 0.917 0.781 0.841
Sample: 3G Entrants
After First < 1GHz Auction -0.470 -5.712% -17.494%%*
(0.833) (3.291) (5.139)
After Second < 1GHz Auction -1.197* 15.256%%* -9.166**
(0.719) (2.639) (4.585)
After First > 1GHz Auction -0.839 5.518% 20.254***
(0.838) (3.039) (5.302)
After Second > 1GHz Auction -2.256%** -3.022 19.893***
(0.572) (2.069) (3.328)
Country Controls YES YES YES
Operator, Country and Time FE YES YES YES
Observations 1,248 1,248 741
R-squared 0.704 0.858 0.810

Notes: Sample is operator/quarter observations from Q2 2009 until Q1 2019. The sample in the top panel includes all
operator/quarter observations for operators who had the highest market share in Q2 2009 in their country. The middle
panel includes all operator/quarter observations for operators who were not the top Q2 2009 market share operators in their
country but had 3G network coverage above 46% of the population in Q2 2009. The sample in the bottom panel includes
all operator/quarter observations for operators who were not the top Q2 2009 market share operators in their country but
had 3G network coverage below 46% of the population in Q2 2009. 3G/4G Coverage is measured as a % of total population.
Heteroskedasticity robust standard errors in parentheses. *** p<0.01, ** p<0.05, * p<0.1
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Column (1) of Table 4| shows estimates for average price effects before and after different types
of auctions. We find that after low-bandwidth spectrum auctions prices increase for stronger
incumbents. For the “PTT” operators, prices increase after the second but not after the first low-
bandwidth auction. For the “other strong incumbents,” prices increase after the first low-bandwidth
auction. There is no similar change in prices for the “PTT” operators. Our theoretical model from
[4] suggests that this may reflect the allocation of spectrum in the different auctions, with “PTT”
incumbents gaining more spectrum in the second auction and the other incumbents (who may be
more worried about competition from the entrants) gaining more spectrum in the first auction. We
discuss the allocation of spectrum more in Section

Separating the operators into different groups helps explain the puzzling lack of price effects
from auctions in Table[3|despite changes in overall subscriber concentration. The different operators
do seem to have diverging responses which cancel out on average. Notably, while country-level
concentration increases after the first low-band auction, it remains higher after the second low-
band auction compared to countries that have not had any low-band auctions. Top operators may
be able to exert more pricing power and increase prices only after some time passes.

The estimated price effects for the “3G entrant” subsample of operators in the bottom panel of
Table[d are always negative. They are statistically significant for the second low and high bandwidth
auctions. Interestingly, we find that the second high-bandwidth auction results in across-the-board
price reductions for all types of operators. Once again, this is consistent with the predictions of the
theoretical model. The high-bandwidth auctions release plentiful capacity spectrum and stronger
operators are not able to pre-empt smaller competitors from acquiring it and competing more
fiercely afterwards. This is also consistent with the findings of Hazlett and Munoz (2009) for 3G
auctions.

Comparing price results from Column (1) with coverage results from Columns (2) and (3) is
instructive as it suggests the effects of auctions on investment. For example, we find that after
the first <1 GHz auction the “Other Strong Incumbents” group increases their prices on average
by about 1.5 dollars per user, a substantial increase. However, at the same time they also expand
their 4G coverage by 10% of the population relative to other similar operators in countries where
there was no similar auction. This suggests that at least some of the increase in prices could have
been driven by quality improvement in services rather than as a pure exercise in market power. By
contrast, the increase in prices by the “PTT Operators” following the second sub 1 GHz auction is
not accompanied by any changes in 3G or 4G coverage. This means that the price increase is more
likely to demonstrate the effects of market power.

Columns (2) and (3) also show that for operators with low initial 3G coverage (the “3G en-
trants”) high spectrum auctions rather than low spectrum auctions were greatly beneficial for
building out their 4G capacity. Compared to similar operators in markets which had no >1GHz
auction, operators with initial low 3G coverage increase their 4G coverage by 20 percentage points.
The second >1GHz auction leads them to increase their coverage by an additional 20 percentage
points to cover over 40% of the population. This is not the case for the initially stronger competi-
tors (with high 3G coverage in 2009). For these operators, the initial >1GHz auction leads to a
4G coverage decline of 15 percentage points relative to comparable operators in countries where
such auctions did not take place. This heterogeneity may be the result of various set-aside and cap
schemes which help the “3G entrants.” In effect, the non-top operators get squeezed out. They are
not strong enough to compete with the top incumbents, but are also not weak enough to benefit
from auction design. The high GHz auction patterns are reversed when we look at low bandwidth
spectrum auctions. Operators with low initial 3G coverage have lower 4G coverage after <1GHz
spectrum auctions as compared to operators in countries where these auctions have not occurred. In
fact, their 4G coverage becomes even worse off after the second <1Ghz auction (although their 3G
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coverage improves eventually). Stronger non-top operators benefit somewhat. Their 4G coverage
is 10 percentage points higher after the first < 1 GHz auction.

8 Discussion and Additional Findings

8.1 Threats to Identification

There are three main threats to identification. First, the timing of auctions may be non-random
and driven by some underlying market characteristics. There could be selection on observables or
unobservables. Second, the parallel trends assumption may not hold - the differences we identify
are driven by some pre-existing differences in the main outcomes. Last, there are many variables
that we do not observe directly, such as investment and costs. Due to data limitations we are not
able to do much about the third concern, but we examine the first two issues below.

We examine whether or not there is selection on observables when it comes to auctions prior
to the auctions taking place. We do this by looking at whether countries that have high or low
spectrum auctions are different than the countries that did not. Taking the first (Q1) observation
for each country in each year from 2010 until 2018, we regress all of our observable characteristics
on a dummy of whether that country has an auction in that year. The observables we include
are population size, GDP, the number of competitors in the market, HHI, the market share of the
top firm, country mean ARPU, country mean 3G coverage and the share of broadband subscribers
in the population. We also include year fixed effects to test for the cross-sectional heterogeneity
between countries. After estimating pairwise regressions for each observable characteristic, we
estimate a joint regressions with all of them.

Table 5: Country Balancing Test: < 1GHz Spectrum Auctions

(M 2 ®3) (4) (®) (6) (7 ®) )

Outcome: Low Mhz Auction This Year

In(Population) 0.008 0.015
(0.030) (0.040)

In(GDP per Capita) 0.038 0.046
(0.090) (0.229)
N Competitors 0.009 -0.016
(0.032) (0.062)
HHI -0.000 -0.000
(0.000) (0.000)

Cy -0.008 0.845
(0.345) (1.616)
Weighted Avg ARPU 0.000 -0.002
(0.004) (0.011)

Weighted Avg 3G Coverage 0.002 0.001
(0.003) (0.004)

Subs/Pop Ratio 0.100  0.064
(0.146)  (0.218)

Year FE YES YES YES YES YES YES YES YES YES

Observations 153 153 153 153 153 153 153 153 153
R-squared 0.092 0.092 0.091 0.091 0.091 0.091 0.094 0.093 0.099

Notes: Sample is Q1 country observations from 2010 until 2018. The outcome variable is a dummy equal to 1 if country ¢ had
a low Mhz auction in year y. Heteroskedasticity robust standard errors in parentheses. *** p<0.01, ** p<0.05, * p<0.1

Results from these sets of regressions are in Tables [5] and [6f They show that there is very
little correlation between country characteristics or the dependent variables and whether or not
they have an auction in a given year. For <1GHz spectrum auctions, none of the observables was
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statistically significant at even the 90% confidence level. For >1GHz spectrum auctions, only the
number of competitors was statistically significant in the joint regression but only minimally so.
This suggests that observables are strongly balanced across countries that did and did not have high
and low bandwidth spectrum auctions and that there is limited selection on observables. While this
does not mean there is no selection on unobservables, the effects of such selection on our estimates
should be limited. Consistent with anecdotal evidence in Section [2| there do not appear to be any
observable “causes” that drive countries to set up spectrum auctions at a given point in time.

Table 6: Country Balancing Test: > 1GHz Spectrum Auctions

(M 2) ®3) (4) (®) (6) (7 ®) )

Outcome: High Mhz Auction This Year

In(Population) 0.019 0.002
(0.034) (0.048)

In(GDP per Capita) 0.001 0.041
(0.096) (0.233)
N Competitors -0.037 -0.115*
(0.028) (0.065)

HHI 0.000 -0.000
(0.000) (0.000)

Cy 0.004 1.465
(0.381) (1.845)

Weighted Avg ARPU 0.001 -0.006
(0.004) (0.011)

Weighted Avg 3G Coverage 0.003 0.005
(0.003) (0.004)

Subs/Pop Ratio -0.139  -0.280
(0.169) (0.235)

Year FE YES YES YES YES YES YES YES YES YES

Observations 153 153 153 153 153 153 153 153 153
R-squared 0.056  0.053  0.062 0.053 0.053 0.053  0.059  0.057  0.090

Notes: Sample is Q1 country observations from 2010 until 2018. The outcome variable is a dummy equal to 1 if country ¢ had
a high Mhz auction in year y. Heteroskedasticity robust standard errors in parentheses. *** p<0.01, ** p<0.05, * p<0.1

These regressions also suggest the existence of parallel trends ahead of the auctions. The main
outcomes of interest in Table |3] include HHI, C}, prices and population coverage. Estimates in
Tables [f] and [6] suggest that there are no statistically significant differences in outcomes between
countries that will have an auction and countries that will not have an auction in a given yearm We
also considered estimating an additional robustness check that would formally test for deviations
in pre-trends for outcome variables. Such a regression would look as follows:

12 12
Yo = Z a{I’TAfterFirstHighAuctionct+T + Z ozgl’TAfterSecondHighAuctioncHT (5)
T=—12 T=—12
12 12
+ Z alL’TAfterFirstLowAuctz’oncHT + Z 045’TAfterSecondLowAuctionCtJrT
T=—12 T=—12

+BXct + 0c + 0 + €t

where HighAuctioner = 1 if there was a high-bandwidth spectrum in period ¢ + 7 and is zero
otherwise. LowAuction.y, = 1 if there was a low-bandwidth spectrum in period ¢ + 7 and is

16WWe have also estimated the inverse of these regressions - i.e., testing directly for average differences in Q1 outcomes
based on whether the country will have an auction in that year. We find no statistically significant effects.
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zero otherwise. The goal of these regressions is to evaluate whether there were any statistically
significant differences in outcomes between countries that had auctions and countries that did not
have auctions before any auctions took place.

Unfortunately, running such a regression appears to be infeasible. Recent advances in economet-
ric theory suggest that in a regression with individual and time fixed effects, the relative time-fixed
effects that test for pre-trends are not necessarily identified (Sun and Abraham|2020). Although
there are a number of recent papers that propose alternative estimators that can more robustly
recover treatment effects in a setting with time-varying treatment and multiple time periods (i.e.,
Callaway and Sant’Annal 2020, (Goodman-Bacon 2018), none of these apply to this setting where
there are multiple treatments potentially occurring at the same time for a given unit.

Another concern with obtaining meaningful results from such a regression relates to our rela-
tively short time period and our identification based on differences in auction timing across coun-
tries. In our data, we do not have any countries that have not had a low band or high-band
spectrum auction, and there are relatively few countries that are more than one year apart in their
auction timingE] This means that the identification of high-bandwidth auction effects 12 quarters
(3 years) after the auction or 12 quarters (3 years) before the auction relies on a very small number
of observations. Estimates would be highly sensitive to outliers and not particularly robust. We
therefore primarily rely on Tables [5] and [6]

8.2 Additional Heterogeneity

There are potentially numerous other factors that can generate heterogeneity in how auctions affect
market competition. These include features of auction design, such as the split of the available
bandwidth, the amount of available bandwidth, or the inclusion of different types of spectrum in
a single auction. Additional features explicitly designed to affect after-market competition include
set-asides or spectrum caps. Set-asides limit competition for a portion of the auctioned spectrum
to new entrants or weaker incumbents with less spectrum. Spectrum caps set limits to the amount
of spectrum stronger incumbents (with more spectrum) can buy in an auction. The model in
Section {] suggests that auction design should affect competition. If incumbents are unable to limit
the amount of spectrum that smaller competitors purchase, then they would also face stronger
competition after the auction.

There is also the timing of high and low bandwidth spectrum auctions and whether one or
the other comes first, or whether they are sold together. The various combinations could affect
the ability of some firms to secure financing for the purchase of spectrum. For example, weaker
competitors may be able to secure more financing for auctions where more spectrum is sold and
where the impact of buying spectrum is greater. This in turn would result in these auctions having
a greater effect on ex-post competition. As well, if the high bandwidth spectrum auction comes
first, it is likely that weaker competitors are able to acquire more spectrum and compete more
afterwards. This could directly influence how much spectrum the stronger competitors buy in
subsequent low-bandwidth auctions and in the effects of that auction on competition. If the low
bandwidth spectrum auction comes first, the effects and outcomes are possibly different.

Ideally we would be able to test for these effects using our data and identification strategy.
Similar to Equation (5), in principle it should be possible to allow for heterogeneity in the «
parameters based on auction design or timing. For instance, there would be a{{’cap ® and a{{’m*cap #
parameters that capture the differences in effects between first high bandwidth auctions with caps
and first high bandwidth spectrum auctions with no caps.

1"There may be more variability with countries outside Europe, although then the comparisons across countries
are more difficult for other reasons.
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However, since we are only looking at 34 auction events we do not have enough identifying
variation to capture much heterogeneity in auction design. For example, the simplest possible
source of effects heterogeneity would be to compare auctions with caps or set-asides to auctions
without caps and set-asides. However, 31 of 34 auctions in our sample had some form of caps. Only
6 of 34 auctions had some form of set-asides, but they almost fully overlapped with the auctions
that had caps. Our difference-in-differences estimation strategy that relies on variation in timing
between different auctions does not work well with such little variation. When we attempted to
separate out the effects of auctions by whether they had caps, set-asides, or both, there was not
enough variation in the data to identify any effects.

Similarly, to appropriately investigate heterogeneity in the timing of high and low bandwidth
auctions we need to have enough differences across countries. But in our data, only three countries
had low bandwidth auctions separately prior to the high bandwidth auctions. We did not have
enough statistical power to identify meaningful effects using this variation.

Nonetheless, we attempted to provide some anecdotal evidence of the effects of auctions design
on competition and market structure after an auction. The Netherlands and Austria are similarly
sized countries with a similarly competitive telecommunications environment and similarly timed
4G auctions. Both the Netherlands and Austria had early high bandwidth auctions in 2010, followed
by combined high and low bandwidth auctions in 2012/2013. The main difference between the two
countries is that both countries originally had set-asides only in the Netherlands entrants apply
for the set-asides in its 2012 auction which restricted the amount of spectrum available to the
incumbents. By the end of the sample period, the evidence of effects is mixed. HHI in Austria is
approximately 3,400 and HHI in the Netherlands is 200 points lower. But ARPU in Austria is lower
by 3 Euros and average population coverage is higher. Overall, it is not clear whether different
forms of auction design do have an effect on competition and more data is needed to appropriately
evaluate the different hypotheses.

8.3 Evidence for Mechanism - Spectrum Winnings

In this section we discuss some suggestive supporting evidence for the mechanism describe in the
theoretical model in Section 4| that helps explain the results we observe in Section One of
the main predictions of the simple theoretical model is that competition effects should operate
through heterogeneous auction winnings. That is, we should observe bigger/stronger competitors
win more than proportional share of spectrum. This should particularly be the case for low-
frequency spectrum.

We show some suggestive evidence of this by comparing the share of total available spectrum
won by strong incumbents in auctions to their subscriber market shares. We focus on the stronger
incumbent operators - those defined as the “PTT” incumbents and those defined as the “Other
Strong” incumbents above. Figure [I| shows a scatter plot of operator specific auction winnings (as
a % of the total spectrum of that type available) against their subscriber market share. It suggests
that in low-bandwidth auctions, stronger incumbents were more likely to win a higher proportion
of spectrum relative to their market share. They were also less likely to be shut out of the auction
and more likely to win all available spectrum as compared to high bandwidth spectrum auctions.
Overall, in <1 GHz spectrum auctions stronger operators won a higher share of available spectrum
(as a % of available spectrum of that type) as compared to their subscriber market share 67% of
the time. By comparison, in > 1 GHz spectrum auctions, stronger operators won a higher share
of available spectrum as compared to their subscriber market share only 48% of the time. While
this is not conclusive evidence for the mechanism suggested in Section [4] the disparity in auction
outcomes between the two types of auctions is striking and consistent with the competition effects
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Figure 1: Operator Spectrum Winnings vs Market Share
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Notes: Each dot represents a single “PTT Operator” or a single “Other Strong Operator” in an auction and
their market shares in the quarter of the auction. An “PTT Operator” is an operator who had the highest
market share in Q2 2009 in their country. An “Other Strong Operator” is operator who was not the top Q2
2009 market share operator in their country but had 3G network coverage above 46% of the population in Q2
2009. The list of auctions is available in Table EI Blue dots show results from high-bandwidth auctions and
red dots show the results from low bandwidth auctions.
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examined in the Section [1

9 Conclusion

In this paper we use a new dataset on operator and country level outcomes and hand-collected
data documenting spectrum auction events in 17 European countries to evaluate the effects of
4G spectrum auctions on competition. We find that auctions have a causal effect on market level
concentration. Concentration increases following low-bandwidth auctions and weakly decreases (for
some time) following high bandwidth auctions. We also find that auctions have a causal impact
on operator-level outcomes such as prices and their 3G and 4G coverage. These effects are highly
heterogeneous across firms. In particular, stronger incumbents tend to increase their prices after
auctions, whereas weaker incumbents (or new entrants) generally decrease their prices. This is
consistent with a theoretical model where stronger incumbents have incentives to pre-empt other
competitors by over-buying spectrum, knowing that additional capacity will give them market
power in the post-spectrum market.

Overall, our results suggest caution in auction design and implementation. Auction design-
ers need to carefully consider the potential later downstream effects when setting up auctions.
Arguably, the auctions replacing administrative procedures for allocating spectrum rights has im-
proved welfare in ensuring the highest value user obtains access to each incremental block. However,
our analysis suggests that auctions could have adverse effects on the market for downstream com-
munications services. Auctions may contribute to a bifurcation of the set of operators into a set of
higher ARPU better coverage firms and those who offer lower quality and charger lower prices.

There are several caveats to our analysis. Since all of the countries in our sample eventually
had 4G spectrum auctions, we cannot evaluate the long run effects of having auctions against not
having auctions. We can only evaluate relatively short run effects. It may be that there are long
run effects that we are not capturing. That said, markets like telecommunications where firms have
substantial investment outlays, competitive effects persist over time and can be amplified in the
long run. It is possible that we are even under-estimating the competitive effects of auctions.

As we suggest throughout, our findings are far from the final word on the subject. Better data
and more empirical research is needed to understand the strategies of telecommunications firms in
auctions and in after-market competition, and to evaluate various approaches to spectrum auction
design and competition policy in telecommunications markets. One possibility is to apply a model-
based approach: set up a model of mobile market investment, competition and auction behaviour,
estimate its parameters using data on both auction bidding behaviour and after-auction market
outcomes, and then simulate counterfactuals representing various possible policies (no auctions,
auctions with different restrictions on spectrum winnings, etc). Such an approach would require
better data that what is currently available to us.
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Table Al: Top (“PTT”) Operators by Country

Country Operator Name

Austria A1 Telekom

Czech Republic ~ T-Mobile (Deutsche Telekom)
Denmark YouSee (TDC)

Germany Telekom (Deutsche Telekom)
Greece Cosmote (OTE)

Ireland Vodafone

Italy TIM (Telecom Italia)
Netherlands KPN

Norway Telenor

Portugal MEO (Altice Europe)
Romania Orange

Slovakia Orange

Slovenia Telekom Slovenije

Spain Movistar (Telefonica)
Sweden Telia

Switzerland Swisscom

United Kingdom O2 (Telefonica)

Notes: This table shows the names of operators we define as “top” or “PTT” operators in each country. An operator i belongs
to this list if they had the largest subscriber market share in country c in the first period of our sample.

Table A2: Data Sources

Auction Data

Country Quarter Year Data Source
All countries Pre-2015 Ofcom.org.uk
Germany 2 2015 MobileWorldLive.com
Slovenia 3 2016 Akos-rs.si
Ireland 1 2017 comreg.ie
Norway 2 2017 dotecon.com!
Czech Republic 3 2017 ctu.eu
United Kingdom 1 2018 ofcom.org.uk
Italy 3 2018 telegeography.com
Spain 4 2018 telecomtv.com
Sweden 4 2018 pts.se
Additional Data
Data Type Data Source
ARPU GSMA Files

GSMA Files

GSMA Files

GSMA Files
OECD

3G/4G Coverage
N Subscribers
Population

GDP

24


https://www.ofcom.org.uk/__data/assets/pdf_file/0023/78323/annual-licence-fees-annex_8.pdf
https://www.mobileworldlive.com/featured-content/german-spectrum-auction-totals-e5-08b/
https://arhiv.akos-rs.si/agency-for-communication-networks-and-services-of-the-republic-of-slovenia-successfully-concluded-first-spectrum-auction-for-public-mobile-services
https://www.comreg.ie/publication-download/results-3-6-ghz-band-spectrum-award
https://www.dotecon.com/news/nkom-announces-900-mhz-auction-results/
https://www.ctu.eu/sites/default/files/obsah/ctu/end-auction-radio-frequencies-37-ghz-band-and-allocation-frequency-ranges/obrazky/20170830-endofauction.pdf
https://www.ofcom.org.uk/about-ofcom/latest/media/media-releases/2018/results-auction-mobile-airwaves
https://blog.telegeography.com/italian-5g-auction-causes-concern
https://www.telecomtv.com/content/5g/spain-awards-200mhz-of-5g-spectrum-for-438-million-31809/
https://pts.se/en/english-b/radio/auctions/700/
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