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Abstract

Broadband access has become a near necessity, yet many U.S. households re-
main without access or significant choice among Internet service providers. This
paper examines whether competition between broadband providers increases the
availability and quality of broadband, as well as the effects of policies that have
been proposed to ameliorate the digital divide. Combining data from a survey
of Seattle households’ broadband subscriptions and broadband deployment data
from the FCC, I estimate a structural model of Seattle’s broadband market, which
allows me to quantify the effect of competition on broadband availability, quality,
and price in equilibrium. I find that, of recent policies proposed to address the
digital divide, a demand-side subsidy program increasing broadband affordability
for low-income households is significantly more cost effective than a supply-side
policy that subsidizes increased broadband deployment. Additionally, I find evi-
dence that providers’ incentive to increase quality is weaker under competition,
however, the benefits of competition to consumers, in terms of increased product
choice and lower prices, are substantial.
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1 Introduction

The current structure of the broadband industry is such that improvements in qual-
ity are enormously costly for Internet service providers (ISPs), because state-of-the-
art technology that supports high-speed data transmission requires substantial sunk
cost investments. As a result, many American households have few choices of broad-
band providers, and broadband subscriptions are relatively expensive (Nuechterlein
and Weiser 2013).! Limited, expensive, and uneven access to high-speed broadband
is particularly acute in the U.S.; in part, due to large geographic variation in popula-
tion density. ISPs choose to collocate in dense urban markets where they can expect
to recoup their capital investments, while sparsely populated rural markets have rela-
tively limited access to broadband both in terms of number of providers and quality of
service—a problem dubbed the “digital divide” (Greenstein and Prince 2006). However,
concern about the digital divide is not only limited to rural communities. Due to the
scale of upfront capital necessary to deploy broadband, lack of access to high-speed In-
ternet service may exist even in urban centers where relatively high prices, as a result of
a lack of competition, may restrict the supply of broadband subscriptions—particularly
for low-income households.

The Federal Communications Commission (FCC) has pursued several different poli-
cies to tackle the digital divide including both supply- and demand-side policies. De-
spite these interventions policymakers, industry commentators, and affected consumers
continue to be concerned about limited access and choice in the residential broadband
market—a concern reflected in the recently passed Investment Infrastructure and Jobs
Act (ITJA), which includes a $65 billion carve out for broadband expansion.?

This paper investigates whether increasing competition through a supply-side broad-
band expansion policy that subsidizes providers’ cost of deployment would be a cost-
effective solution to the digital divide, relative to an alternative demand-side subsidy
program that increases the affordability of broadband for low-income households. On
the one hand, subsidizing providers’ deployment may increase the choices available to
consumers and increase competition among providers along the dimensions of price and
product quality, resulting in more favorable market outcomes for consumers. On the
other hand, due to the substantial cost of broadband infrastructure, in practice the cost
of such a policy may dwarf the cost of alternative demand-side subsidy programs.

In order to answer this question, I develop and estimate a structural model of equi-
librium behavior in the broadband industry that endogenizes providers’ entry, quality,

and pricing decisions along with consumer demand. The model allows me to quantify

L“The typical American has a choice of only two fixed-line broadband providers: the local telephone
company and the local cable company.”
’https://www.congress.gov/bill/117th-congress/house-bill/3684/text


https://www.congress.gov/bill/117th-congress/house-bill/3684/text

the effects of different policy interventions and changes in market structure on equilib-
rium market outcomes, including those most relevant to the digital divide. In the model,
households choose among the set of available broadband plans offered by providers in
their area based upon price and quality. Given consumer demand, providers choose
where and what quality of broadband to deploy based upon their beliefs about their
rivals” deployment, then once deployment is realized, providers compete on price.

I estimate the model using a snapshot of data from Seattle over the 2017-2018 pe-
riod. This dataset includes information about broadband providers’ coverage, product
offerings, and prices, as well as novel data on individual households’ broadband subscrip-
tion choices from a survey conducted by the city of Seattle. This rich household-level
micro-data enables me to flexibly model and estimate households’ demand for the three
main wireline providers in the Seattle area: CenturyLink, Comcast, and Wave. Then,
using households’ demand as an input, I estimate providers’ fixed costs of broadband
deployment using a revealed preference approach and census block-level deployment
data from the FCC. I parameterize providers’ deployment costs as a function of num-
ber of households served and land area to capture economies of scale and density in
broadband deployment—the per household deployment costs I recover are in line with
industry estimates.

With estimates of the model in hand, I conduct a series of policy counterfactuals to
determine whether supply- or demand-side subsidies are likely to be more effective at
achieving widespread and affordable broadband access at the least cost. As intermediate
steps towards answering this question, I also investigate the extent to which competition
incentivizes providers to increase their deployment of high-speed broadband service, as
well as quantify the benefit of competition to consumers in terms of subscribership
and consumer welfare. Specifically, I use the model to address the following research

questions:

(i) Does competition incentivize providers to deploy high-speed broadband service

more widely?

(ii) How much do consumers benefit from existing competition among providers? And
what portion of these benefits is attributable to the effect of competition on avail-

ability and quality versus the effect of competition on price?

(iii) Are supply- or demand-side subsidies likely to be more effective at addressing the
digital divide?

In counterfactual (i), I measure the effect of competition on broadband providers’
deployment incentives by comparing their deployment decisions under the constraint
of competition relative to their but-for decisions as monopoly providers. Similarly, in

counterfactual (ii), I measure the benefits of competition to consumers by comparing



subscribership and consumer welfare under competitive and monopoly market struc-
tures. Finally, in counterfactual (iii), I conduct a cost-benefit analysis of a broadband
expansion policy that subsidizes providers to service all households in the Seattle area
with high-speed broadband, which I compare to a demand-side subsidy program that

increases the affordability of broadband for low-income households. I find that:

(i) Competition reduces providers’ incentive to deploy high-speed service. Specifically,
I find that as a monopolist CenturyLink would increase its fiber coverage by 5.24%,
increasing available broadband quality for approximately 19,500 households, as

compared to its deployment under competition.

(ii) Existing competition among broadband providers is of substantial value to Seattle
consumers. Competition from cable providers generates $302 million in consumer
surplus annually or $209 per household of which $222 million is attributable to an
increase in availability and product choice ($154 per household) and $80 million
is attributable to reductions in price ($55 per household).

(iii) A demand-side policy that subsidizes low-income households would be more cost
effective than a supply-side policy that subsidizes provider expansion. Specifically,
using the deployment costs recovered from my structural model, I estimate that it
would cost $8.4 billion for CenturyLink to deploy fiber and $2.4 billion for Comcast
to deploy cable to all unserved households in the market at a cost of about $7,800
and $18,400 per household, respectively. Combined this would generate $35 million
in consumer surplus annually, and increase the overall broadband subscription rate
from 81.7% to 85.6%. Whereas, I estimate that a broadband subsidy to households
with an annual income of less than $50,000 of $10/month or $30/month (the
benefits prescribed by the FCC’s Lifeline and Affordable Connectivity Programs,
respectively) would cost $53 million or $159 million annually, generate $26 million
or $131 million in consumer surplus annually, and increase the overall subscription
rate from 81.7% to 85.2% or 90.3%.

A primary contribution of this paper is that I model both the supply of and demand
for broadband allowing me to measure the effects of different policy interventions in
equilibrium. Estimation of the model proceeds in two steps following Aguirregabiria
and Ho (2012). In the first step, I estimate demand for broadband for the three main
wireline providers in Seattle, CenturyLink, Comcast, and Wave, using a novel dataset
that includes rich micro-data on households’ broadband subscription choices. Crucially,
I observe individual households’ choice of broadband provider along with an estimate
of their monthly bill, as well as demographic data. This data enables me to link
households’ choices to information about the menu of subscriptions offered by each

broadband provider and allows me to estimate a discrete-choice demand model that



includes demographic-characteristic interactions along the lines of Berry et al. (2004),
Petrin (2002), and Goolsbee and Petrin (2004). Unlike prior studies that have estimated
demand for broadband, I observe individual subscription choices among the primary
set of providers offering service in Seattle. Previous studies have relied upon stated-
preference data (Goolsbee 2006, Rosston et al. 2010, Varian 2002), national or city-
level aggregate data (Dutz et al. 2009, Goetz 2019, Wilson 2021), or individual choice
data from a single firm (Lambrecht et al. 2007, Nevo et al. 2016). A key contribution
of this paper is that I estimate household demand for broadband under competitive
conditions—that is the data allows me to measure substitution both within and across
providers at the household-level. This aspect of the data also enables me to model
equilibrium price competition among providers.

In the second step, I estimate providers’ fixed costs of broadband deployment with
deployment data from the FCC using a revealed preference approach. In the data,
I observe providers’ entry and quality investment decisions in the Seattle area over
a two-year period (2017-2018) at the census block level. With estimates from my
demand model, I recover providers’ marginal costs and predict their variable profits
in each census block under every possible counterfactual market structure. Then I
recover the fixed costs that rationalize providers’ observed deployment decisions across
census blocks using a nested pseudo-likelihood (NPL) estimator (Aguirregabiria and
Mira 2002, 2007). With empirical estimates of households’ preferences for broadband
and providers’ deployment costs I am able to implement my counterfactual analyses.

It is well known that games of endogenous entry and product choice may exhibit
multiple equilibria, which can lead to complications when performing counterfactual
analyses—including the need for the researcher to specify an equilibrium selection mech-
anism that may be somewhat arbitrary. However, I am able to sidestep this issue in my
counterfactual analyses. In counterfactuals (i) and (ii), I compare the status quo com-
petitive market structure in Seattle to but-for scenarios in which either CenturyLink or
Comcast is a monopolist—cases where a unique equilibrium exists. In counterfactual
(iii), in which I quantify the costs and benefits of a broadband expansion policy, multi-
ple equilibria may exist. To deal with this, I compute the minimum compensation each
provider would require in order to deploy new (or higher quality) service in the face
of competition in each unserved, populated area based upon providers’ estimated fixed
costs. This simple approach allows me to quantify the cost of policy without computing
new equilibria or specifying an equilibrium selection mechanism.?

This paper contributes to several existing literatures. First, this paper adds to work

analyzing the digital divide. Greenstein and Prince (2006) give an overview of the

3Note that is still possible to use the model to perform alternative counterfactuals that do specify
an equilibrium selection mechanism.



early literature and describe the economic forces driving the urban, rural digital divide
during two distinct waves of Internet diffusion. In the first wave (1995-2000), dial-up
service was distributed widely and relatively rapidly partly due to its complementarity
with the provision of telephone service. As a result, although urban households gained
Internet access quickly compared to rural households, the discrepancy could mainly
be attributed to variation in demand. In the second wave (2000-onwards), broadband
(DSL and cable service) was, and they predict would continue to be, distributed less
evenly and more slowly due to substantial sunk costs generating economies of scale and
making highly dense areas more profitable for deployment. As this prediction has more
or less been borne out, later work on the digital divide has focused on testing the degree
to which high-speed access is unequal given the economics of broadband deployment.

Prieger (2003) investigates whether there is unequal access to broadband across in-
come and minority groups combining census and FCC data. After controlling for cost
conditions, demand factors, and local competition, he finds that differences in broad-
band access across these groups largely disappear. In a similar more recent study,
Martin (2019) finds that variation in supply alone is insufficient to explain the digital
divide and that correlations with demographic factors point to digital literacy as an
important and under-explored determinant of the divide. I add to this work by devel-
oping an underlying model of ISPs’ deployment decisions, which can not only explain
the supply-side of the digital divide but can also be used to investigate which poli-
cies would be most effective at closing the divide (including demand-side policies) by
predicting market outcomes in equilibrium.

This paper also contributes to the literature examining the relationship between
market structure and entry and investment decisions in the broadband industry. Augereau
and Greenstein (2001), perhaps the earliest empirical study to model ISPs’ technology
investment decisions, find that ISPs are more likely to adopt high-speed technologies
in urban areas with high levels of infrastructure, placing some (but less) weight on
competitive conditions and demographics, foreshadowing the disparity in broadband
access between high- and low-density areas. Building upon this work, Augereau et al.
(2006) show how standard setting also played a role in ISPs’ early technology adop-
tion decisions. Consistent with economics of broadband deployment, Xiao and Orazem
(2011) provide empirical evidence that sunk costs are a major determinant of ISPs’
entry patterns. Wallsten and Mallahan (2013) and Molnar and Savage (2017) exam-
ine the relationship between number of providers and broadband speeds and find that
markets with two or more providers have higher speeds than monopoly markets. More
recently, Wilson et al. (2021) find that the threat of potential entry delays entry into
local broadband markets by an average of two years, leading to an 11% decrease in

future download speeds for every year of delay.



Most closely related to this paper, Wilson (2021) investigates whether public provi-
sion of broadband induces or crowds out private investment. He estimates a dynamic
game in which private and municipal broadband providers make endogenous entry and
investment decisions given demand and expected competition and finds that municipal
provision increases private investment in fiber through preemption and competition. I
build upon his work by endogenizing price competition among providers, which affects
their entry and investment decisions, as well as household demand. I find that price
competition is an important channel through which consumers benefit from competition
among providers, accounting for over a fourth of the gains in consumer surplus.

More broadly, this paper is related to studies of entry and investment in other
network industries including telecommunications and cable television. Greenstein and
Mazzeo (2006), Economedies et al. (2008), Seim and Vivard (2011), Goldfarb and Xiao
(2011), and Fan and Xiao (2015) study the consequences of entry into local telephone
markets in the wake of the 1996 Telecommunications Act including its effects on product
differentiation, market structure, and consumer welfare. Goolsbee and Petrin (2004)
and Chu (2010) examine the entry of direct broadcast satellite into local television mar-
kets. Both find that without competition from satellite television providers, cable prices
would have been significantly higher and cable quality would have been lower. Likewise,
I measure the benefits of existing and new competition in the broadband market and
find that consumers benefit from lower prices, however, incentives to improve quality
decrease. Similar to this paper, Elliott et al. (2021) develop and estimate a model of en-
dogenous infrastructure investment and competition among mobile telephone providers.
They find that while consolidation reduces consumer welfare, synergies in the allocation
of spectrum are a countervailing force that increases consumer welfare on the margin.

Finally, T contribute to previous empirical work in industrial organization evaluat-
ing the relationship between competition, entry, and product differentiation in oligopoly
markets.? Understanding how competition and mergers affect market outcomes other
than price, including entry, product differentiation (including quality), and innovation,
has become an increasing focus of antitrust policy and research in industrial orga-
nization.® Several other papers including Mazzeo (2002), Seim (2006), Goettler and
Gordon (2011), Igami (2017), and Fan and Yang (2022) have investigated the effect of

competition on entry and product differentiation in various industries.

4Vives (2008) lays out the theory nicely with a two-period model of competition with endogenous
market structure.
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2 Industry Background

2.1 The Residential Broadband Industry

Most U.S. households today access the Internet via fixed wireline broadband providers
that deploy DSL, fiber, or cable technologies (see figure 1). Households subscribe to
residential ISPs on a monthly basis for Internet plans that are primarily differentiated
by downstream and upstream bandwidth (speed) and price, where the maximum band-
width a provider is capable of delivering to customers is limited by the transmission
technology it deploys. The dominant fixed wireline providers today are typically local
telephone or cable companies, including AT&T, Charter, Comcast, and Verizon, which
began distributing Internet service over their existing network infrastructure (along-
side their telephone and television services) as the Internet became widely adopted and
digitization eliminated the technological barriers separating the distribution of these
services (Nuechterlein and Weiser 2013).

The provision of wireline Internet service can be described relatively simply. ISPs
provide customers with access to their networks through a physical connection, which al-
lows users to transmit and receive information (or data) across the network. Information
sent at one end is converted into discrete digital packets that traverse separately across
the network and are reassembled at the receiving end, for example, to navigate a web-
site, stream video content, or participate in a video conference call. Traditionally, local
telephone providers transmit broadband over copper telephone lines, commonly known
as digital subscriber line or DSL service, while cable companies transmit broadband
over coaxial cables previously used to transmit video services. Because the transmis-
sion of video requires more bandwidth than telephone service, coaxial cable is capable
of supporting higher capacity service than telephone lines, and therefore cable compa-
nies have generally been able to deliver higher speeds. However, increasingly telephone
providers have been replacing DSL service with high speed fiber service by deploying
fiber-optic cable. Fiber-optic cable is essentially a thin glass tube that transmits light
and, unlike copper wire for which bandwidth varies inversely (and increasingly-so) with
length, can support very high bandwidths with little degradation over long distances.
Fiber technology has dramatically increased the bandwidths providers are able to offer
consumers, and as a result, where profitable, ISPs are investing to upgrade portions of
their networks with fiber.

While many U.S. households have access to ISPs that deploy other transmission
technologies including satellite, and increasingly mobile providers, where available the
majority of households continue to rely upon fixed wireline as their primary source of

broadband (see figure 1). This is because wireline connections are generally faster and



Figure 1. Internet Subscriptions by Technology (return)
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more reliable than wireless alternatives. However, fixed wireline broadband is more
costly to deploy, because unlike wireless technologies, fixed wireline requires a direct
physical connection to each customer location. In order to deploy new or upgraded
service, providers must extend the so-called “last mile” of their existing network infras-
tructure to reach the premises of new customers. To do so, providers install new cable
either underground, by digging trenches, or aerially, by mounting it to utility poles (see
figure 2). The last mile is connected to the rest of the network via central offices or

data centers, which manage the distribution of data across the network.

Figure 2. Network Diagram (return)
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The cost of broadband deployment varies considerably by the number and density
of customer connections, terrain, and local regulatory and labor market conditions. By
some estimates, laying fiber-optic cable can cost $60,000-$80,000 per mile. One indus-
try estimate puts the cost of deploying fiber service at $700-$1,500 per household in
urban areas and $3,000-36,000 per household in rural areas (Cartesian 2019). Another
estimates that fiber costs $13,900 per household on average (Tarana 2023). The city
of Seattle conducted a study to assess the feasibility of stating a municipal broadband
provider from scratch. They estimated that it would cost between $440-$850 million to
serve 246,635 locations, an implied per location cost of between $1,784-$3,446, which
the city ultimately determined was prohibitively expensive.® The barrier to entry cre-
ated by these high sunk cost explains the relative lack of competition and new entry
in residential broadband and why, in addition to concerns about basic Internet access,
policymakers are concerned about affordability and the potential exercise of market

power in local broadband markets.

2.2 The Digital Divide

The structural barriers to competition in broadband, and in telecommunications more
broadly, have long been recognized, dating back at least to the instantiation of the FCC
in 1934. One of the primary objectives of the 1934 Communications Act was to achieve
“universal service” in the provision of telephone service “to make available, so far as
possible, [...] world-wide wire and radio communication service with adequate facilities
at reasonable charges.”” The 1996 Telecommunications Act extended this principle to
other services: “[q]uality services should be available at just, reasonable, and affordable
rates” and “[ajccess to advanced telecommunications and information services should
be provided in all regions of the Nation.”®

With the advent of the Internet, the importance of access to broadband for the suc-
cess of both individuals and businesses in the modern economy has become increasingly
apparent. Despite progress in increasing coverage and subscription rates (see figure 1),
however, there is still a substantial gap in broadband subscription rates across income
groups (see figure 3) and other demographics groups including minorities and rural and

tribal communities.

Shttps://www.seattle.gov/tech/initiatives/broadband/studies-and-history
"Communications Act of 1934, 47 U.S.C. §151.
81d., 47 U.S.C. §254.
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Figure 3. Broadband Subscriptions by Income (return)
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In recent years, the FCC has made closing the digital divide, particularly in rural and
tribal areas, a policy priority. According to the Commission’s 2018 broadband deploy-
ment report, “[flar too many Americans remain unable to access high-speed broadband
Internet access, and we have much work to do if we are going to continue to encourage
the deployment of broadband to all Americans, including those in rural areas, those
on Tribal lands, and those in schools and classrooms.”® The FCC has introduced both
supply- and demand-side policies in attempts to address these gaps. On the supply-side,
starting in 2011 the FCC introduced the Connect America Fund,'” a reverse auction
program designed to subsidize the deployment of broadband to particularly high-cost
areas. On the demand-side, the FCC has implemented several low-income subsidy
programs including the Lifeline Program!! and, more recently during the COVID-19
pandemic, the Affordable Connectivity Program.'?

The impact of the COVID-19 pandemic, which forced a substantial portion of eco-
nomic activity online, further highlighted the importance of widespread equal access to
broadband, and several papers have documented how various inequities stemming from
the digital divide were exacerbated during the pandemic. Chiou and Tucker (2020) find
that high-speed internet access was a main determinant of individuals’ ability to stay at

home during the pandemic. Sen and Tucker (2020) find that children from low-income or

Ynttps://docs.fcc.gov/public/attachments/FCC-18-10A1.pdf
Onttps://www.fcc.gov/general/connect-america-fund-caf
Uhttps://www.fcc.gov/general/lifeline-program-low-income-consumers
P2https://www.fcc.gov/acp
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minority backgrounds were less likely to have internet connections, and therefore, were
less prepared to navigate the transition from in-person to online instruction. Barrero
et al. (2021) estimate large economic gains from universal broadband access allowing
workers to work from home.

Relatedly, an earlier literature has documented various benefits resulting from the
diffusion and adoption of broadband in several domains including productivity, la-
bor markets, and education. Greenstein and McDevitt (2009) quantify new economic
growth and consumer surplus generated by the diffusion of broadband. LoPiccalo (2021)
finds that the adoption of broadband in rural areas increases agricultural productivity.
Dettling (2017) finds that internet access increases the labor force participation of mar-
ried women. Zuo (2021) finds that a broadband discount program offered by Comcast
to low-income households increased the employment rate and earnings of eligible partic-
ipants. Dettling et al. (2018) find that broadband access increased students’ SAT scores
and expanded their set of college applications. Campbell (2022) finds that broadband

access improves students’ reading and math test scores and employment outcomes.

2.3 Seattle’s Broadband Market

In this paper, I focus on Seattle’s broadband market, an urban market, which is served
by three fixed wireline ISPs: (1) CenturyLink, (2) Comcast, and (3) Wave. Although
my data come from a single market, Seattle is a representative urban broadband market,
primarily dominated by two large providers, therefore, I view my empirical results as
more broadly applicable to the broadband industry.

CenturyLink (now Lumen Technologies, previously Century Telephone) is Seattle’s
legacy local telephone provider. It deploys and operates both DSL and fiber technologies
across its coverage area in the city and the broader region (see figure 4 and figure A1).
Like other national telcos (e.g. AT&T, Frontier, and Verizon), CenturyLink has been
gradually upgrading its network from DSL to fiber. Comcast and Wave are both local
cable providers also operating in Seattle and broader region. Comecast’s coverage area
is much larger than Wave’s, and therefore, it exerts a greater competitive constraint on
CenturyLink. Other wireline providers operating in the region, though not in Seattle,
include local telephone provider Frontier and the city of Tacoma’s municipal (publicly
owned) broadband system. Because I only observe demand for Seattle households, I
exclude these other providers from my primary analysis.

Each provider offers households a similar menu of monthly broadband subscriptions,
differentiated by downstream and upstream bandwidth, price, and in some instances,
usage allowance. One unique feature of the broadband market is that providers appear

to set plan prices uniformly across their local coverage areas and perhaps as widely as
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at the national level (Wilson 2021). In my empirical model, I assume that providers set
uniform prices. As a robustness check, I compare uniform pricing relative to a strategy
of geographic price discrimination and assess providers’ incentive to price discriminate in
the vein of Adams and Williams (2019) and DellaVigna and Gentzkow (2020). However,
I find little difference between firms’ profits comparing these pricing strategies, because
the incremental gains to 3rd degree price discrimination, on top of 2nd degree price

discrimination whereby consumers self-select based on plan price and quality, are small.

Figure 4. Provider Coverage Areas: Seattle MSA (return)
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3 Data

I construct a dataset that combines households’ broadband subscription choices and
ISPs’ deployment decisions in the city of Seattle and surrounding counties. To compile
this dataset, I combine data from four different sources.

First, [ rely upon survey data from the 2018 Seattle Technology Access and Adoption
Study for household-level broadband subscription choices. Second, I use the FCC’s
Broadband Urban Rate Survey to identify the plans and prices offered by ISPs operating
in Seattle. Third, I obtain household demographic data from the American Community
Survey (ACS) to estimate the number of households in each census block, for block
group level demographic estimates including income, education, and household size, and
for information about the share of households with broadband subscriptions. Fourth,
I use census block level data from FCC Form 477 to identify providers’ broadband
deployment decisions. I discuss each data source, as well as the integration of these

data in more detail below.
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3.1 Household Subscription Data

Comprehensive provider-level data on broadband subscriptions is not publicly avail-
able. Although highly aggregated subscription data is available from some broadband
providers’ public filings, it is a challenge to estimate a realistic model of demand with
these data, because ISPs’ do not report broadband subscriptions for different geographic
markets nor do they segment subscriptions by plans in their financials. Ideally a re-
searcher studying the broadband market would rely upon micro-level data reported by
providers with detailed information about households’ subscription choices including the
quality and price of different plans across various geographic markets. In the absence of
such data, I rely upon a 2018 survey of Seattle households conducted by Pacific Market
Research on behalf of the City of Seattle. This survey provides a unique opportunity
to study demand for broadband in a major U.S. city, because it includes information
about individual households’ broadband subscription choices and demographic charac-
teristics. I use this data to estimate households’ probabilities of subscribing to the set
of broadband plans offered by the three major fixed wireline ISPs that serve Seattle:
CenturyLink, Comcast, and Wave.

The survey data consists of responses from 4,315 households of which 3,153 were
used in my analysis after excluding responses with missing data. Each respondent
answered 38 questions about their household’s internet access and usage, use of other
technologies such as computers and mobile phones, as well as about the household’s
demographics. Most importantly each respondent was asked whether the household
had Internet access, whether the household subscribed to a fixed wireline broadband
provider, to which provider it subscribed, and was asked to estimate the monthly cost
of the household’s Internet subscription (see figure A2). Respondents were also asked
to report their zip code of residence, household income, household size, education level,
and other demographic information. Table 1 reports the overall number of respondents
by ISP including respondents who indicated that they did not subscribe to any of the
three fixed wireline providers in Seattle.

While T do observe households’ choice of provider, I do not observe their choice
of specific broadband plan. In order to estimate the probability that a household sub-
scribes to a particular broadband plan, I match survey respondents’ to broadband plans
based on price and respondents’ own estimates of their monthly subscription fees. While
this method of matching survey responses to broadband subscriptions is imperfect, re-
spondents’ estimates of their monthly subscription fees at the very least represent a
measure of households” willingness-to-pay for broadband, which is a reasonable approx-
imation of demand (tethered to information about households’ actual provider choices,

this data is arguably more informative than standard stated-preference data). However,
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Table 1. Provider Subscribers and Demographics (return)

Provider CenturyLink Comcast Wave None Total
Subscriber Count 816 1,778 203 356 3,153
Income [0k, 50k) 0.233 0.223 0.266 0.713 0.284
Income [50k, 100k) 0.272 0.272 0.251 0.171 0.259
Income [100k, 200k+) 0.495 0.506 0.483 0.115 0.457
Less than HS Grad 0.007 0.006 0.039 0.056 0.014
HS Grad and Some College 0.206 0.200 0.202 0.500 0.235
Bachelor’s Degree or Higher 0.787 0.794 0.759 0.444 0.750
Household Size (1) 0.189 0.239 0.350 0.576 0.271
Household Size (2) 0.360 0.386 0.433 0.323 0.376
Household Size (3) 0.176 0.143 0.118 0.031 0.138
Household Size (4+) 0.275 0.231 0.099 0.070 0.216

Notes: Seattle Technology Adoption Survey 2018. This table summarizes the demographic charac-
teristics of households included in my estimation sample by choice of broadband provider including
“None”. Statistics represent the percent of households in each demographic category.

measurement error in prices and product characteristics may lead to attenuation in my
demand estimates.

I match households’ survey responses to ISPs’ plans based on price information
collected from the FCC’s 2018 Broadband Urban Rate Survey. The Urban Rate Survey
is published annually by the FCC to track changes in Internet subscription prices over
time and across geography. The data consists of the prices and attributes of ISPs’ plans
across different urban areas (aggregated up to the state level). I use plans and prices
for Washington state in 2018 as the basis of the subscriptions households choose among
in the demand model, reported in table 2.

As discussed above, I match households to broadband plans based on their estimated
monthly subscription fees. Because the prices of subscriptions offered by each provider
increase monotonically with downstream and upstream bandwidth, I devise price bands
for each subscription and assign households to plans according to these bands. In

general, I use the following interpolation rule,

¢

1, if p; € [0, 21322)
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Table 2. Plan Summary Statistics (return)

Subscriber Monthly Download ~ Upload ~ Usage Al-

Plan Count Charge (il?s;(:) (il?s;(si) lo(vg;aél ; ¢
CenturyLink: plan 1 310 56.99 12 .875 1,000
CenturyLink: plan 2 41 61.99 12 5 1,000
CenturyLink: plan 3 47 66.99 20 875 1,000
CenturyLink: plan 4 35 71.99 20 5 1,000
CenturyLink: plan 5 38 76.99 40 5 1,000
CenturyLink: plan 6 87 81.99 40 20 1,000
CenturyLink: plan 7 224 96.99 100 50 1,000
CenturyLink: plan 8 173 156.94 1,000 1,000 .
Comcast: plan 1 357 49.95 10 2 1,024
Comcast: plan 2 247 64.95 55 5 1,024
Comcast: plan 3 232 79.95 100 5 1,024
Comcast: plan 4 340 94.95 200 10 1,024
Comcast: plan 5 244 149.95 250 25 1,024
Comcast: plan 6 705 159.95 987 35 1,024
Wave: plan 1 51 45.10 10 1 100
Wave: plan 2 86 73.45 100 5 400
Wave: plan 3 102 81.55 250 10 500

Notes: Seattle Technology Adoption Survey 2018, FCC Urban Rate Survey 2018. This table summa-
rizes the primary characteristics of providers’ broadband plans as reported by the FCC Urban Rate
Survey.
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where j;(p;) is household i’s choice of subscription, which depends on its estimated
monthly subscription fee p;. If the household’s estimated monthly fee is greater than
zero but less than the average of the price of the lowest and second to lowest cost plan,
then I assume household ¢ subscribes to the lowest cost plan, and so on. Figures 5,
A3, A4, and A5 show the distribution of estimated monthly fees for each provider, as
well as the number of subscribers assigned to each plan following the interpolation rule

above.

Figure 5. CenturyLink Subscriber Estimates and Plans (return)
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Notes: Seattle Technology Adoption Survey 2018, FCC Urban Rate Survey 2018. This figure shows
the distribution of CenturyLink subscribers’ estimated subscription price with CenturyLink’s menu
of plans overlayed. The lowest priced plan (in red) is 12/0.875 mbps upload/download speed. The
highest priced plan (in green) is 1000/1000 mbps upload/download speed.

3.2 Provider Deployment Data

I collect data on providers’ deployment decisions across census blocks in the Seattle
MSA and the surrounding counties where CenturyLink, Comcast, and Wave operate
during the years 2017 and 2018 from the FCC’s Form 477 broadband deployment data.
FCC Form 477 requires broadband providers to report information about their broad-
band deployment including transmission technology and maximum download and up-
load speeds at the census block-level every six months. I collect deployment data for

the major fixed wireline broadband providers that serve Seattle and surrounding areas.
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While other ISPs, including satellite and wireless providers serve Seattle, as is evi-
dent from the 2018 Seattle Technology Access and Adoption Study data, most Seattle
subscribers purchase service from one of the major fixed wireline providers.

Figure 4 shows CenturyLink, Comcast, and Wave’s coverage areas in the Seattle
MSA. Figure A1 shows the 2018 coverage areas of CenturyLink, Comcast, Wave, Fron-
tier, and the City of Tacoma’s municipal broadband service in five major counties

surrounding Seattle: King, Kitsap, Mason, Pierce, and Thurston.

4 Empirical Model

I model ISPs’ deployment decisions within a geographic market, which depend upon
households’ demand for broadband, the fixed costs of deploying different broadband
transmission technologies, and the strategic behavior of competing providers.

In the model, given households’ demand for broadband in different geographic sub-
markets (in this case census blocks), each broadband provider chooses whether to deploy
service in each census block, and chooses which transmission technology to deploy, given
its expectations of its rivals’ deployment decisions. After all providers’ deployment de-
cisions have been realized, each firm sets the prices of its products to maximize its
profits given full information about its rivals’ products. In other words, firms make
deployment decisions with full information about consumer demand but incomplete in-
formation about their rivals’ decisions. Then, once deployment decisions are realized,
firms set prices with full information about their rivals’ products. The structure of
information in the model reflects the fact that providers’ pricing decisions are more
flexible than their deployment decisions.

I begin by describing households” demand followed by ISPs’ deployment decisions.

4.1 Household Demand for Broadband

Within a geographic market, ISPs offer households a menu of plans that vary in qual-
ity and price, and each subscribing household pays a monthly subscription fee to its
broadband provider.

I model households’ demand for broadband using a discrete choice model of demand,
where each household i in census block m = {1, .., M} chooses between j = {1, ..., J,, }
broadband plans offered by the firms that serve census block m. The outside option
j = 0 represents the household’s decision not to subscribe to fixed wireline broadband
(the outside option therefore encompasses several alternative choices including choosing
no form of Internet access, as well as Internet access via satellite or mobile providers or

via public institutions such as schools and libraries).
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Household 7’s monthly indirect utility from subscribing to plan j is,
Wijm = Ojom + Hijm + €ijmo (1)

where, as in Berry (1994), ¢, ,, represents households’ mean utility from plan j, f jm
represents a component of utility which varies across households, and ¢ ,, is the
household’s idiosyncratic taste for product j, which is assumed to be i.i.d. extreme
value type 1. I normalize households’ indirect utility from the outside option to zero,
Ui 0.m = 0+ €0,m-

The mean component of utility,

5j,m = ‘T;ﬁ — apy + 5j,m7 (2)

depends on plan characteristics x; (in this case downstream bandwidth, upstream band-
width, and provider dummies) and prices p;, as well as an unobservable plan charac-
teristic &j,,. Notice here that plan characteristics and prices are invariant across m,
because [SPs engage in uniform pricing across geographic markets.

The variance component of utility,

tigum = (25, 05) (Q2Dim), (3)

is a function of plan characteristics and prices interacted with a set of households’
demographic characteristics D, ,,, capturing heterogeneous preferences for broadband
across households with different demographics.
Because of the distributional assumption on ¢; ;,,, the probability that household ¢
subscribes to plan 7 is given by the multinomial logit function,
exp (0j,m + Hijm)

Si, om — . (4)
’ 1 + Ei exp (5k,m + ﬂi,k,m)

It follows that the aggregate market share of product j in submarket m is given by,

€x 6m + 7,7,m
Sim = / D Oy ¥ tiam) ez (p, ), (5)
14> exp (Oxm + Higm)

where Gp,, (D; ) is the distribution of demographic characteristics over households.

4.2 Providers’ Deployment Decisions

Consider a market with F potential entrants, where firms or ISPs are indexed by f €
{1,2, ..., F} and submarkets (census blocks) are indexed by m € {1, 2, ..., M}. The set
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of technologies that can be deployed by a provider is indexed by 7 € {none, dsl, fiber, cable}.
Let af,, = 7 represent the deployment decision of firm f in census block m.

If providers’ deployment decisions are interdependent across locations, the com-
bination of possible deployment configurations is enormous. For example, in a game
where CenturyLink chooses among technologies {none, dsl, fiber} and Comcast chooses
among technologies {none, cable}, the space of possible market outcomes is (3 x 2).
In my empirical application M = 59, 705, which makes providers’ problem intractable.
Following Aguirregabiria and Ho (2012), I simplify providers’ problem and instead
assume that a provider’s deployment decision in one location is independent of its deci-
sions in all other locations. This assumption significantly shrinks the space of outcomes
that providers’ consider (3 x 2 in each location) and is also econometrically convenient

in that it allows for a likelihood-based approach to estimation.

4.2.1 Total Profits
If firm f does not operate in census block m (ay,, = none), then its total profit is,
Hf,m,none =0+ 01§ m,none- (6)

If instead the firm does operate in census block m (ay,, # none), then its total

profit from deploying technology 7 is,

}_[f,mﬂ'(aff,my Zfm, Hma Ama nf,m,‘r)J = er,m,f(@ff,ma Hmz - Ff,m,f(zf,ma Hma Ama nf,m,‘r)a

vV vV vV
Total Profit Variable Profit Fixed Cost
(7)

where the firm’s total profit is made up of its variable profit 7y,, -(.) minus its fixed

cost Fypm-(.), including 7y, -, the firm’s private information, which has scale o.

The variable zy,, represents the state of the firm, which is defined as the firm’s
deployment decision in the previous year 2, = afm¢—1. Hy and A, are the number
of households and land area (in square miles), respectively, of submarket m. zg,,, Hy,,
A,,, and the distribution of 7, r, G,(n), are common knowledge to all firms.

To simplify notation going forward, I drop the submarket subscript m.

4.2.2 Variable Profits

Each provider’s annual variable profit from deploying technology 7 is,

Tre=12-H- Y Si(a_s,p)(p; — ¢;), (8)
JETf
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where Jr is firm f’s set of broadband plans given its deployment decision (J; is a
subset of all plans J), and S;,p;, and ¢; are the market share, price, and marginal
cost of plan j respectively. The market shares of the firm’s products depend upon the
deployment decision of its competitors a_; and the prices of all plans p. I multiply
variable profit by 12 to convert monthly variable profit into annual profit, because I
observe monthly broadband subscription prices. 1 assume providers compete Nash-
Bertrand in price, setting uniform prices across their service areas. Providers’ pricing

behavior is described in more detail in appendix A.

4.2.3 Fixed Costs of Deployment

Each provider’s annual fixed costs from deploying technology 7 are,

Frr = ¢p.+1(zp = none) - [0, + HOY_ + A@ﬁT] +U(zp #7) - [Vyr + HIF + AﬁﬁT] +0Nf 1,

Entry Cost Adjustment Cost
(9)
where the fixed costs associated with its deployment decision depend on its state zy,
which again, can be thought of as its deployment decision in the previous year af;_.
If the firm operates in the census block at all, it pays a technology-specific operating
cost ¢ .. If the firm did not operate in the census block previously (z; = none), then
it pays a technology-specific entry cost (67, + H 9}{7 + AQA’T) that depends on census
block characteristics. Similarly, if the firm did previously operate in the census block,
but chooses to deploy a different technology there (zy # 7), then it pays a technology-
specific adjustment cost (V. + H 19% + A19A’T) that depends on block characteristics.

4.2.4 Providers’ Strategies and Equilibria
Each provider’s strategy depends on its information set. Let firm f’s strategy ¢ (2, H, A, ny)
be a mapping from state variables to actions,

or: (25, H, A, ny) — {none, dsl, fiber, cable}.

Each firm has uncertainty about the deployment decisions of its competitors, be-
cause it does not know 7_s,. Therefore, each firm maximizes its expected profits
given its private information 7, and its expectations of its rivals’ strategies. A
Bayesian Nash equilibrium in this game of incomplete information is a set of strategies

{go; : f=1,2,...,F} such that every firm maximizes its expected profit,

B[y (@ 25, H Anypr)] 2 B[y (974, 25, Hy Ay )| VT # 7
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The strategy of firm f can be represented as a probability distribution,
Py = {Pys. : T = none,dsl, fiber, cable},

where Py is the probability that firm f deploys technology 7 when following its strategy
Spf(zfa Ha A7 nf)a
Pfﬂ- Z/]I(QOf(Zf,H,A,Uf) :T)danO’]f). (10)

Assuming that G, (1) is extreme value type 1, the probability that firm f deploys

technology 7 is,
exp (E[ll;-(P_)])

> exp (B[l (P_s)])’
where the expected profit E[Ils,(P_¢)] the firm gets from 7, depends on the joint

Prr= (11)

likelihood that other firms compete in the market P_;.
The total expected profit that firm f gets from deploying technology 7,

E[ll;(P_f)] = Elrs,(P_y)] — F.r, (12)

is made up of its expected variable profit E[n;.(P_;)] and fixed cost Fy ., which is
deterministic apart from 7y ..

The firm’s expected variable profit from deploying technology 7,

Elrg-(P-p)) = > ([T Prlar =) mpelay) (13)

a—y r#£f

depends on the joint probabilities of its competitors’ deployment decisions, and known
variable profits 7y -(a_y) when its rivals choose actions a_.
Defining W (.) as the best response probability function of firm f, a Bayesian Nash

equilibrium in this game is a fixed point,
Pi =V (P,),Vf, T (14)

The interpretation of this fixed point is that every provider is choosing the deployment
decision that maximizes its expected profit, given that all of its competitors are doing
the same, thus, no firm wants to change its strategy.

Finding an equilibrium in this game consists of finding a fixed point, or equivalently

a solution to the system of nonlinear equations,

Pi-(0) = ¥y (P24(0))Vf.T (15)
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Given the set of parameters representing providers’ fixed costs of deployment ©, this
system may have multiple equilibria.'® In estimation, I deal with the potential for
multiple equilibria by using a nested-pseudo likelihood (NPL) estimator (Aguirregabiria
and Mira 2002, 2007).

5 Estimation

In this section, I estimate households’ demand for broadband and providers’ fixed
costs of deployment. Following Aguirregabiria and Ho (2012), I estimate the model
in two steps. First, I estimate households’ demand for broadband. Second, I estimate
providers’ fixed costs given the demand parameters from the first step.

I estimate a mixed logit demand model which allows households’ preferences for
broadband to vary over their demographic characteristics using a generalized method
of moments (GMM) estimator. I discuss the estimation procedure, which follows Berry
et al. (2004), Petrin (2002), and Goolsbee and Petrin (2004), in more detail below, as
well as outline the instruments I include to deal with price endogeneity.

Once I've estimated demand, I use the mixed logit parameters to predict providers’
variable profits in each census block under all possible counterfactual market structures.
Then using these estimates of variable profits and data on ISPs’ deployment decisions,
I estimate providers’ fixed costs of deployment corresponding to behavior predicted by
the game of incomplete information using a nested pseudo-likelihood (NPL) estimator
(Aguirregabiria and Mira 2002, 2007). Once both pieces of the structural model are

estimated, I perform counterfactual simulations.

5.1 Demand Estimation

The demand model I estimate is a mixed logit that allows households to have het-
erogenous preferences for broadband, which is important in order to produce realistic
substitution across products (as a robustness check in appendix B I estimate a plain
logit using an alternative estimation approach). To do this, I use data on individ-
ual households’ broadband subscription choices and demographic characteristics in the
2018 Seattle Technology Adoption Survey to include interactions between subscription

characteristics and demographic characteristics in the model,

fij = (25, p;) (2D;).

13Whether one or more solutions exist depends upon the magnitude of the spectral radius of the
Jacobian matrix of the system with respect to the parameters (Aguirregabiria and Mira 2007).
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I specify the variance component of demand as,

3 4 4
Wi = Z an log(p;)Inc,; + Z Bilog(xf)Sizen,; + Z By log(z})Sizen, (16)
n=2 n=2 n=2

3 4 3
+ Z )\ffclncnyi + Z )\;S;izeSizen,i + Z )\nEd“CEducn,i,

n=2 n=2 n=2
where the set of dummy variables (Inc, ;) denote household i’s income bracket, (Size,, ;)
denote the size of household ¢, and (Educ,, ;) denote the head of household i’s education
level. The three income brackets are defined as [0k, 50k), [50k, 100k), and [100k,
200k+); the household size categories are defined as 1, 2, 3 and 4+ individuals; and the
head of household education categories are defined as “less than high school,” “high
school grad and some college,” and “bachelor’s degree or higher.”

I interact subscription prices with household income to allow for different price elas-
ticities across income brackets with the expectation that higher income households are
less price sensitive. I interact downstream and upstream bandwidth with household size
to capture the fact that larger households require subscriptions with more bandwidth
to keep Internet performance constant across users. Lastly, I include the entire set of
demographic dummies as demand shifters to allow take up of the outside option to vary
among households.

Mean utility is defined as a function of log product characteristics and price,

§; = B%log(zf) + B*log(z}) + B — alog(p;) + &;- (17)

And the probability that household ¢ subscribes to plan j depends on both ¢; and
Mg,
_ exp (5j + Nz‘j)

L+ Y5 exp (0 + i)

To estimate the model, I jointly estimate equations (17) and (18) using GMM. First,

(18)

Si,j

I derive the log-likelihood function of equation (18),

1 J
log[£<6j7 Qn, an An)] = Z Z[di,j log(si,j)]v
(2

where d;; is dummy variable indicating whether household ¢ subscribes to broadband
plan j. This function depends upon the mean utility of each plan ¢; and the param-

eters that capture variation in utility across households’ demographic characteristics
(tn, By An)-

The set of d,’s are parameters to be estimated in equation (18). Then, in order
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to recover the parameters associated with mean utility for product characteristics and

price (o, 3), I project the matrix of product characteristics onto the estimates of 9;,

b; = p'log(x§) + B log(a}) + B} — alog(p;) +&;.

This equation can be estimated using OLS if prices are thought to be exogenous or
using linear IV if prices are thought to be endogenous.

The model can be estimated in two steps by estimating the parameters of equation
(18) 61 = (6;, an, Bn, Ay) using maximum likelihood (MLE) and then estimating the
parameters of equation (17) #3 = («, 8) using liner IV. Alternatively, the model can be
estimated in one step by estimating the equations jointly using GMM. Point estimates
are the same whether the equations are estimated separately or together, however,
standard errors are correct when the model is estimated jointly using GMM.

To form moments for equation (18), I derive the first-order conditions (or scores)
of the log-likelihood function with respect to the parameters; these are micro-moments
since they are sampled from household-level data. In a GMM framework, setting the
expected scores of the log-likelihood function equal to zero is equivalent to MLE (Train
2009). The moment conditions associated with equation (17) are formed as usual by
interacting a set of instruments Z with the error term &; these are macro-moments since
they are sampled from aggregate market-level data.

Stacking the moment conditions together,

810%[5(61)]
gl)=1|_, %% |,
Z'¢(6,0)

the GMM objective function, where the weight matrix W is a block diagonal matrix, in
which the first block contains weights for the micro-moments associated with equation
(18), and the second block contains weights for the macro-moments associated with

equation (17), is given by,

~

0" = arg min g(0)Wg(0).

I use quasi-Newton methods to find the optimal values of 6 that minimizes the weighted

distance of the stacked moments.

5.2 Identification

The demand parameters are identified by several sources of variation in my data.

First, the alternative-specific constants (or mean utilities) J; and product characteristic-
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demographic interactions «,, 3, and A, are identified by variation in households’ de-
mographics correlated with their broadband subscription choices. For example, higher
income households generally purchase higher quality, more expensive subscriptions,
which is reflected in the estimates of «,.

Second, mean product characteristic parameters «, 3 are identified by variation in
characteristics x; and prices p; across products, which vary widely because providers

offer households wide ranging menus of plans in terms of bandwidth and price.

Figure 6. Households’ Choice Sets (return)

| [:] Wave No Wave 7 Small Sample

Notes: This figure overlays Seattle zip codes onto census blocks. Wave is available in the blue shaded
areas. Wave is unavailable in grey shaded areas. Green shaded areas do not have enough survey
respondents to determine which providers are generally available.

Third, differences in households’ choice sets across the Seattle MSA helps pin down
the parameters—specifically Wave’s coverage area is more limited than CenturyLink
and Comcast’s as shown in figure 4. To take advantage of this variation in product
availability, I partition zip codes (observed in the household survey data) into two
groups—(1) those with access to all three providers and (2) those without access to
Wave—based on my analysis of survey responses and the FCC 477 deployment data.
Figure 6 overlays zip codes within the Seattle MSA onto census blocks and identifies

zip codes that fall into these two groups.

5.3 Price Endogeneity

As is standard in the literature, I treat the price of broadband subscriptions as en-
dogenous. Because demand for product 7 depends upon price and quality, and any
unobserved quality will be correlated with price, E[p;, ;] # 0. As a result estimation

of the demand parameters without instrumenting for price will yield an inconsistent
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estimate of the price coefficient «, usually implying that demand is less elastic than in
reality. To identify the price coefficient, following Berry et al. (1995), T assume that
the characteristics of other products in the market are correlated with prices but un-
correlated with ¢ and include the mean of each firm’s other product characteristics as
instruments, assuming E[¢|Z] = 0. I discuss this choice of instruments in greater detail
below.

Berry et al. (1995) suggest and use two sets of instruments for price in their empirical
study of demand for new cars. First, one set of possible instruments for the price of
product j is the sum of product characteristics (other than price) of the firm’s products,
excluding product j. The second set of possible instruments for the price of product j

is the sum of product characteristics (other than price) of all rival firms’ products,

Zji1 = E Tk, Zj,2 = E Ty.

k#j réf

Assuming that product characteristics are determined exogenously and that firms
compete on price, these sets of instruments are valid because they should be independent
with product j’s unobservable demand shock, &;, but should be correlated with price.
This is because a firm with higher overall quality will be able to set higher prices for all
its products, including product j, under the assumption of oligopoly pricing. Bresnahan
et al. (1997) use a variation of these instruments where, rather than summing over
product characteristics, they average over product characteristics.

In my application, because the set of available products are essentially invariant
across census blocks, the sum of product characteristic x over the firm’s own-products,
other than j, is a linear combination of z;, and thus (almost) perfectly collinear with
xj. As a result, this variable cannot be used as an instrument for price. However,
the mean of product characteristic z over the firm’s own-products, other than j, is
not perfectly collinear with z;, therefore, like Bresnahan et al. (1997) I use mean own-
product characteristics as instruments for price.

Because my demand specification includes brand dummy variables, which are in-
variant over firms, unfortunately the second set of instruments proposed by Berry et al.
(1995) is perfectly collinear with these dummies, regardless of whether I sum or average
over the product characteristics of each firm’s rival. As a result, I cannot use varia-
tion in rival’s product characteristics as instruments for price. However, the first set of
instruments is still valid with the inclusion of brand dummies. With two continuous

product characteristics, download and upload speed, I have two valid IVs for price,

1 1
d __ d u __ u
Zj _K_lzxk’zj _K_lzxk'
k#j k#j
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To match my demand specification, I use log (27), log (2Y) as the excluded instruments.

5.4 Demand Results

Table 3 displays the demand results. The first two columns show the parameter esti-
mates without instrumenting for price using both two-step estimation and joint estima-
tion. Notice that the point estimates are essentially identical, however, joint estimation
is necessary to obtain correct standard errors. Column (4) displays parameter estimates
where instruments are included to identify the price coefficient. The major difference
between the results in columns (2) and (4) is an increase in the magnitude of the primary
price coefficient when instruments are included, as well as an increase in its standard
error.

While the inclusion of instruments for price leads to a price coefficient that is no
longer statistically significant, the own-price elasticities by income bracket (approxi-
mately -4.73, -4.46, and -4.19 for low, middle, and high income households, respectively)
are more elastic and are comparable with prior estimates in the empirical literature.
For example, in an early study of demand for broadband Goolsbee (2006) found an
average own-price elasticity for Internet service of roughly -2.75 estimating a simple
quadratic inverse demand curve. Using discrete choice demand estimation, Dutz et al.
(2009) report the following average own-price elasticities for different broadband ser-
vices: broadband (overall) -0.69, cable -5.21, DSL -4.04, satellite -9.94, and fiber -8.11.
Rosston et al. (2010) find more inelastic demand (-0.44) using a survey instrument to es-
timate demand. Finally, in more recent studies, Goetz (2019) reports a mean-own price
elasticity of -5.901, and Wilson (2021) reports price elasticities for different broadband
technologies: cable -0.512, DSL -0.530, and fiber -0.746.

The own-price elasticities are also comparable with empirical estimates reported in
the literature for services similar to broadband including cable television and mobile
telecommunications. Goolsbee and Petrin (2004) estimate demand for cable television
subscriptions in the U.S. and find the following own-price elasticities for different ser-
vices: basic cable -1.5, premium cable -3.2, and satellite -2.4. Bourreau et al. (2021)
estimate demand for mobile phone subscriptions in France and find an average own-
price elasticity of -3.0.

In addition to the price coefficients, most of the other parameters are economically
intuitive. More educated households and larger households are more likely to purchase
any broadband plan, and larger households are more likely to purchase plans with

higher upstream speeds (although not higher downstream speeds).
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Table 3. Demand Estimates (return)

No Price IVs Price IVs
Joint Standard Joint Standard
Parameters MLE GMM Errors GMM Errors

Linear Parameters
Log Price -2.0155 -2.0155 (0.5911) -4.7254 (3.6211)
Log Download Speed 0.4884 0.4884 (0.2300) 1.1502 (0.9101)
Log Upload Speed 0.0040 0.0040 (0.2075) 0.0267 (0.1831)
Comecast 1.0144 1.0144 (0.3491) 0.6977 (0.5672)
Wave 0.5039 0.5039 (0.4272) -0.4490 (1.2785)
Constant 2.8255 2.8257 (3.3689) 12.1909 (12.9641)
Log Price x Income
Income [50k, 100k) 0.5662 0.5662 (0.2882) 0.2681 (0.5085)
Income [100k, 200k+) 0.8073 0.8073 (0.2588) 0.5403 (0.5099)
Log Download Speed x Household Size
Household Size (2) 0.0135 0.0135 (0.1440) 0.0360 (0.1342)
Household Size (3) -0.0777 -0.0777 (0.1484) -0.0502 (0.1395)
Household Size (4+) -0.0515 -0.0515 (0.1466) -0.0216 (0.1384)
Log Upload Speed x Household Size
Household Size (2) -0.0118 -0.0118 (0.1543) -0.0187 (0.1413)
Household Size (3) 0.0846 0.0846 (0.1618) 0.0777 (0.1482)
Household Size (4+) 0.1436 0.1436 (0.1590) 0.1367 (0.1443)
Demographics
Income [50k, 100k) -1.4242 -1.4243 (1.2787)  -0.0975 (2.2682)
Income [100k, 200k+) -1.8514 -1.8514  (1.1603)  -0.6628 (2.2825)
HS Grad and Some College 0.7001 0.6999 (2.4223) 0.7000 (2.4235)
Bachelor’s Degree or Higher 1.4514 1.4512 (2.4244) 1.4508 (2.4255)
Household Size (2) 0.5831 0.5830 (0.4774) 0.4966 (0.4676)
Household Size (3) 2.0344 2.0343 (0.5635) 1.9271 (0.5599)
Household Size (4+) 1.0933 1.0933 (0.5069) 0.9707 (0.5085)
Price Coefficients
Income [0k, 50k) -2.0155 -2.0155 -4.7254
Income [50k, 100k) -1.4493 -1.4493 -4.4573
Income [100k, 200k+) -1.2082 -1.2082 -4.1852
Objective Value -7,499.58 0.0000 0.0286
Individuals 3,129 3,129 3,129
Products 17 17 17

Notes: Observations are individual-product combinations. MLE estimates are two-step estimates,
which yield incorrect standard errors. Joint GMM estimates without I'Vs yield the same point estimates
as MLE, however, standard errors are correct. “Price coefficients” are simply linear combinations of the
price coefficient and price x income interactions for each income group. Heteroskedasticity-consistent

standard errors reported in parentheses.
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5.5 [External Validity

As a test of the external validity of my demand model, I compute aggregate market
shares for each plan/provider in census block groups across the Seattle area and compare
these estimates to the overall share of households subscribing to wireline broadband
reported in the ACS. I also show that the model is capable of matching other moments
in the ACS data such as the share of broadband subscriptions by demographic groups,
which are relevant to the issue of the digital divide.

With parameter estimates from the mixed logit, I am able to predict aggregate
market shares for plans in different geographic markets m that are correlated with
market demographics using aggregate demographic data. To do this I specify a discrete
distribution for Gp,, (D; ) with 36 household “types” (based on the set of demographic
dummies included in the model: 3 x 4 x 3) each with weight w;,,, which I calculate
using demographic data from the ACS.

I construct these weights by multiplying the share of households that fall into each
demographic category (reported in the ACS) to approximate the joint probability that

a household falls into each possible combination of demographic categories,

~  JInc Size Educ
Wim =Wy, Wy, W,

Inc Size

Educ
e w and w

m ? m

where w are the shares of households in each demographic category,
respectively. Notice that this approximation assumes these demographic characteristics
are independent of one another, where a more accurate approximation would account
for covariation in these characteristics among households.'* I report summary statistics
for the demographic data underlying the market-specific demographic weights w;,, in
table A1.

Using these weights, the aggregate market share of plan j in market m can be

approximated as,

S 236 exp (0; + pij)
]7m ~
i=1 1+ ZZ exp <5k + :ui,k>

From the ACS data, I observe the share of households, at the census block group

2,m -

level (2,352 CBGs in my sample), that have a wireline broadband subscription of any
kind (i.e. DSL, fiber, cable). The complement of these shares is the share of house-
holds without a broadband subscription, which corresponds to the share of households
choosing the outside option in my demand model. From the FCC Form 477 data, I
observe the broadband providers’ deployment at the census block level. Using the es-

timates of the demand parameters 6, 1 predict the share of households who subscribe

141 obtain similar results in robustness checks using alternative weights.
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to each provider at the census block level, which I then sum over to predict the share

households subscribing to each provider at the census block group level,

o Someg Hin  Sastn(0)
meg TTM

The predicted share of households that do not subscribe to a high speed broadband

provider in census block group g is then,
SO,g(é> =1- 3dsl,g<é) - Sfiber,g(é) - Scomcast,g<é) - Swa'ue,g(é)-

Table 4 (see also figure A6) displays the overall share of households with and without
broadband in my sample according to the ACS and the predicted shares from the
demand model. The overall share of households with broadband predicted by the model
(0.82) compares favorably with the ACS data (0.80). Figure 7 shows the correlation
between the fitted shares of the outside option and the ACS data across census block
groups.

Figure 8 bins census block groups based on demographic characteristics of interest—
namely poverty and race—and compares the share of households with broadband sub-
scriptions based on ACS data and the predictions of the model. The predicted shares
match the correlations in the ACS data relatively well without any of these demographic

variables being included in the underlying demand model.

Table 4. Model Fit (return)

Actual (ACS) Predicted (Model)
Outside Inside Outside Inside .
Option Options Option Options DSL Fiber Comeast Waye
Model Fit 0.1981 0.8019 0.1789 0.8211 0.0912 0.0680 0.6215 0.0404

Notes: This table summarizes overall actual and predicted broadband shares estimated for 2,352 census
block groups in the Seattle region. “Actual” shares are computed using ACS estimates. “Predicted”
shares are computed using demand estimates. “Outside option” is the share of households that don’t
purchase wireline broadband. “Inside options” is the share of households that purchase any type of
broadband, as calculated by ACS, or the share of households that subscribe to either CenturyLink,
Comcast, or Wave, as predicted by the demand model. “DSL” and “Fiber” refer to the share of
CenturyLink’s DSL and fiber services.
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Figure 7. Model Fit (return)
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Notes: This figure plots the “Actual” against the “Predicted” share of households that don’t subscribe
broadband. The red line is the 45 degree line.

Figure 8. Distribution of Broadband Shares by Demographics (return)
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Notes: This figure plots distributions of the share of households subscribing to broadband across
census block groups, binned by the share of households that (a) fall below the poverty line, (b) are
SNAP recipients, (c) are white, (d) are black.
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5.6 Fixed Cost Estimation

In this section, I estimate the model outlined in section 4 to recover CenturyLink and
Comcast’s fixed costs of deployment. While I observe household demand for Centu-
ryLink, Comcast, and Wave, Wave’s deployment decisions vary very little between 2017
and 2018, which prevents me from identifying its fixed costs of deployment. However,
I do include Wave as a non-active player in the game—that is the presence of Wave
impacts CenturyLink and Comcast’s profits and deployment decisions, but Wave’s de-
ployment is held fixed in the model.

In my implementation of the model, two potential entrants, CenturyLink and Com-
cast, f € {/, c}, choose whether to deploy broadband in census blocks m € {1,2,, .., M}.
CenturyLink chooses among the technologies 7 € {none, dsl, fiber} and Comcast chooses
among the technologies 7 € {none, cable}. When CenturyLink deploys either dsl or
fiber in a census block, it offers households a menu of plans associated with each tech-
nology, reported in table A2, which come from the FCC Urban Survey data. When
Comcast deploys cable in a census block, it offers households the same menu of plans
which I used for purposes of estimating demand, reported in table 2.

With 3 deployment choices for CenturyLink and 2 deployment choices for Comcast,

there are 6 possible outcomes in each census block:
(@om, Gem) = {(none, none), (dsl, none), (fiber, none),

(none, cable), (dsl, cable), ( fiber, cable)}.

I compute providers’ predicted variable profits 7y .., for each of these outcomes for all
census blocks in my sample. To do this, I calculate the market shares of each provider’s
plans S’j’m based on the demand parameters. Then I estimate providers’ marginal costs
¢;, which I obtain by “backing out” the implied marginal cost of each subscription
assuming uniform Nash-Bertrand pricing behavior (see table A3). I describe this in
greater detail in appendix A. With predicted market shares and marginal costs in hand,
I estimate providers’ variable profits, which serve as the main input into my empirical

model.

5.6.1 Fixed Cost Specifications

I specify the fixed cost functions associated with CenturyLink’s deployment of DSL and

fiber, respectively as,

FZ,m,dsl = desl + ]l(zé,m = none) : [Qfl?sl + Hmefsl + Ameé?s[]
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(20 = fiber) - 02, + Hu Ol + Anig] + 07 m,ast;
_ _ E H A
Fé,m,fiber = ¢fib67” + ]I(ZE,m - none) ’ [efiber + Hmefiber + Amefiber]
+1 (Zg’m = dSl) ’ [ﬁjl{iber + Hm,ﬁ%ber + Amﬁ?x’ber] + O7)e,m, fiber,

and I specify Comcast’s fixed cost function as,
_ _ E H A
Fc,m,cable - ¢Cabl@ + ]l(zcﬂn - none) ’ [ecable + Hmecable + Amecable} + OT)e,m,cable-

Recall that ¢,’s are fixed operating costs, 6,’s are fixed entry costs, and 1,’s are fixed
adjustment costs associated with providers’ deployment of technology 7.

Given these specifications, the set of fixed cost parameters to be estimated are,

® = {¢7—7 97’7 797'7 0}7

where o represents the scale of the extreme value errors 7y, ;.

In practice, the parameters that I estimate are normalized by the scale of 1, -,

V|
@ = {¢_7 R _}7
o o o0
then, with these estimates, I recover the fixed cost estimates in dollar terms by multi-
plying © by o. I denote the fixed cost estimates in dollar terms (which I scale to be in
thousands of dollars) as,
(:) = {(57'7 éT’ /I§T}
Because recovering © involves a nonlinear operation on ©, I obtain standard errors for

the parameter estimates by nonparametric bootstrap.

5.6.2 Expected Total Profits

With providers’ fixed cost functions specified, for a given set of parameters ® and prob-
abilities of providers’ deployment decisions (Py,, P.), I can calculate firms’ expected
total profits. CenturyLink’s total expected profits from deploying DSL and fiber in

census block m, respectively, are,

1 ~mon ~ duo 1
B[y m,dst(Pem)] = pu [P(Gc,m = none) - T mil,dst T P(acm = cable) - 7Tg,m,dsl} - ;Fé’m’dd?

1 . . 1
E[lLy . fiver (Pem)] = p [P(ac,m = none) wy tiver P (Aem = cable)-wﬁ%7fiber} —;ngmyﬂber,
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and Comcast’s total expected profit from deploying cable in census block m is,

[P(a’f7m = none) ’ ﬁ-ITT(I)Z?Cable + P<a5,m = dSl) ’ ﬁ—gj;g,cable

SHE

E{Hc,m,cable(Pl,m)] =
- ~ duo 1
—i—P(a&m = fzbe'r) . Trc,m,cable} — ;Fc,m,cable~

Given expected total profits, each firms’ probabilities of deploying technology 7 in

census block m are given by,

exp (E[H&m’T(PQm)]) P _exp (E[Hc7m7T(Pg7m>])
Z’r’ exXp (E[H&m,‘r’(Pc,mﬂ) Lo Z’r’ exp (E[qu;r’ (ngm)]) 7

Pﬁ,m,‘r =
which are used to formulate a likelihood function for estimation.

5.6.3 NPL Estimation

To estimate the model I use a nested pseudo-likelihood (NPL) estimator based on Aguir-
regabiria and Mira (2002, 2007), which is robust to the presence of multiple equilibria
given that the system of equations governing players’ best-responses is stable. Specifi-
cally, I define a pseudo likelihood function where players’ choice probabilities are best
responses to an arbitrary P. These are called “pseudo” because P does not represent
players’ equilibrium probabilities but can be interpreted as players’ beliefs about the
actions of other players. The pseudo likelihood function (pseudo log-likelihood function

here) is the joint probability of firms’ deployment decisions,

M F T

QO.P)=> 3" 1(agm =) log (Vm.(P_;, ©)).
m f T

The NPL estimator is defined as the vector of parameters and beliefs (P, @) that satisfy
the conditions,
O = arg max Q(\, 15),

P=v{P, 0),

where © maximizes the pseudo likelihood function, given beliefs P, and P is a fixed
point, given parameters e.

Aguirregabiria and Mira (2007) propose an algorithm to obtain the NPL estima-
tor, which I follow. First, start with an initial guess for firms’ beliefs PO. Then,
at iteration £ > 1 estimate the parameters, given f’kfl, using maximum likelihood,
OF = argmaxe Q(O,P¥1). Then, update firms’ beliefs using the estimated parame-
ters, P¥ = W (P*1, ©F). Continuing iterating until convergence, |@% — @ 1|| < ¢.
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In practice, to obtain an initial guess of firms’ beliefs PO 1 use a simple frequency

estimator,
b T Mg = 1) 1(X = X*)
famr S 1(X,, = XP) ’

where 1(X,, = X?) is an indicator function that denotes whether the vector of census

block characteristics in census block m falls within a certain bin. I use number of

households and land area X,, = (H,,, A,,) as the relevant census block characteristics.

5.7 Fixed Cost Results

Table 5 displays the fixed cost estimates scaled in thousands of dollars. Table A4 dis-
plays the raw, unscaled parameter estimates. The entry cost intercepts indicate that
per census block, it costs approximately $404,000, $464,000, and $710,000 to deploy
DSL, cable, and fiber, respectively. CenturyLink’s fiber upgrade cost intercept is of a
similar magnitude, $306,000, but less than half of the fiber entry cost and less than
either the DSL or cable entry costs indicating that upgrading existing infrastructure is
cheaper than de novo entry. Conditional on block characteristics, number of households
and land area, for the average census block (weighted by households) in my sample it
costs $13,750, $16,366, and $24,259 per household to deploy DSL, cable, and fiber,
respectively (see table X4). Similarly, on average it costs $10,428 per household for
CenturyLink to upgrade from DSL to fiber. While these average fixed cost estimates
are higher than industry estimates, as I demonstrate below, my deployment costs es-
timates vary dramatically by household density—mnote that entry costs are generally
decreasing in number of households and increasing in land area. Additionally, as Wil-
son (2021) points out these estimates also reflect firms’ opportunity costs and other
implicit costs such as regulatory barriers, which would also explain why they exceed
industry estimates.

Relatedly, the operating cost parameters, ¢ ,’s, are large and (unexpectedly) neg-
ative. One explanation for this result is that broadband deployment is a long-term
capital investment, from which providers expect to earn revenues over a long time hori-
zon. However, I model providers’ behavior as the result of a one-shot game in which
firms make their deployment decisions based on the previous year’s decisions and earn
profits for one year only. In reality, since providers expect to earn a stream of vari-
able profits over a longer time horizon, the negative operating cost parameters I obtain
may reflect the fact that providers’ variable profits are larger than I estimate. As a
result, in order to reconcile the deployment decisions I observe in the data, the model
needs to fit negative operating cost parameters. Another potential explanation is that

providers earn revenue from other lines of business including television and phone ser-
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vice, which I do not account for. Regardless, the model is still useful for estimating

providers’ deployment costs, because providers’ operating costs don’t factor into these

calculations.
Table 5. Fixed Cost Estimates (return)
Parameters P.omt Standard 5th Pct. 95th Pct.
Estimates Errors

CenturyLink, DSL
Operating Cost st -222.202 (152.045) -448.578 -123.283
Entry Cost Oas1 404.286 (274.525) 226.520 815.975
Entry Cost x Households 0, -0.099 (0.088) -0.244 -0.020
Entry Cost x Land Area 07, 1.948 (1.405) 0.747 4.631
Downgrade Cost st 118.746 (76.777) 50.625 226.268
Downgrade Cost x Households Oi, -0.406 (0.252) -0.752 -0.223
Downgrade Cost x Land Area 04, -53.211 (41.607) -129.597 -23.687
CenturyLink, Fiber
Operating Cost Ofiver -359.222 (256.675) -760.608 -202.690
Entry Cost 0 fiver 710.632 (492.534) 400.723 1,442.014
Entry Cost x Households . -0.135 (0.974) -0.517 1.175
Entry Cost x Land Area 0% per 18.161 (460.741) 1.816 726.988
Upgrade Cost D fiver 306.630 (219.870) 171.983 656.579
Upgrade Cost x Households ﬁ;{ibw -0.339 (0.262) -0.725 -0.165
Upgrade Cost x Land Area ﬁ?iber 78.485 (48.506) 41.304 163.441
Comcast
Operating Cost Beable -252.855 (182.542) -524.958 -135.453
Entry Cost Beavic 464.226 (324.717) 254.409 946.014
Entry Cost x Households o1, 0.438 (0.143) 0.167 0.601
Entry Cost x Land Area éﬁ;ble 9.415 (43.080) 1.095 116.766
Scaling Factor

o 49.074 (33.358) 27.718 98.690
Pseudo Log-likelihood -11,618.410
Census Blocks 59,705

Notes: Observations are census blocks. Model estimated using k-step NPL algorithm. Standard errors

in parentheses and confidence intervals are estimated by nonparametric bootstrap (250 replications).

The scaling factor o coverts unscaled parameter values © into thousands of dollars ©.

CenturyLink’s entry and upgrade costs are decreasing in the number of households

and increasing in land area. Comcast’s entry costs are increasing in both households

and land area. For more insight into the estimated deployment cost relationships, I

plot providers’ fixed cost functions on a per household basis in figures 9 and 10. Figure

10 plots per household deployment costs as a function of households, holding land area
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fixed at 0 square miles and 40 square miles (the maximum value in my sample). These
plots show that providers’ deployment costs exhibit significant economies of scale over
the space of block characteristics in my sample. Also, notice that the ranking from least
to most expensive entry cost by technology is generally DSL, cable, fiber, except that
fiber becomes cheaper than cable at some threshold of households. Additionally, the
per household cost of upgrading from DSL to fiber is cheapest in the smallest blocks but
most expensive in the largest blocks, reflecting the fact that CenturyLink’s opportunity
cost of forgoing an upgrade of service in dense areas is much greater than in sparsely
populated areas.

Figure 10 presents contour maps of providers’ fixed cost functions on a per household
basis, separately for each technology. These plots show that deployment costs decline
as household density increases, moving northwest. In each subfigure, the lightest grey
region indicates census blocks for which implied deployment costs range from $0-1,000
per household. Collectively these figures show that the relatively parsimonious fixed
cost functions I estimate are able to capture well-known economic characteristics of
broadband deployment, namely economies of scale and density. Additionally, the cost
of deployment on a per household basis is not dissimilar from industry sources.

As a robustness check, in appendix C I estimate a deployment model that includes
spatial costs—that is I allow the fixed cost of new deployment in each census block to
depend on its distance to each provider’s existing network. As expected, I find that the
cost of de novo entry is increasing in distance to providers’ networks. I compare the

per household cost of new deployment across models and obtain similar results.

Figure 9. Economies of Scale (return)

(e) Land Area = 0 (Sq. Miles) (f) Land Area = 40 (Sq. Miles)
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Notes: Using the estimated fixed cost parameters, this figure plots the implied deployment cost per
household for each technology as a function of households. Panel (a) holds land area fixed at 0 square
miles. Panel (b) holds land area fixed at 40 square miles.
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Figure 10. Economies of Density (return)
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Notes: Using the estimated fixed cost parameters, this figure plots the implied deployment cost per
household for each technology as a function of households and land area. Deployment costs per
household increase from light to dark.

6 Counterfactuals

In this section, I use the estimates of the structural model to perform counterfactuals

to address the following policy questions:

(i) Does competition incentivize providers to deploy high-speed broadband service

more widely?

(i) How much do (would) consumers benefit from existing (additional) competition

among broadband providers?

(iii) Are supply- or demand-side subsides likely to be more effective at addressing the
digital divide?

To determine changes in equilibrium broadband deployment under each counterfac-

tual scenario, I compute providers’ subscription prices, household demand for broad-
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band given subscription prices, and providers’ deployment decisions given household
demand using the supply and demand parameters of my structural model. In some
counterfactuals I hold providers’ prices fixed, in others I let providers adjust their
prices. I describe these scenarios briefly below.

In “Fixed Price” scenarios, I assume each provider holds its subscription prices con-
stant at pre-counterfactual levels. In “Uniform Price” scenarios, I assume that each
provider sets uniform prices Nash-Bertrand, where it chooses subscription prices to
maximize its total profits over its entire pre-counterfactual coverage area, then I as-
sume it re-updates it deployment decisions, given its new optimal prices. This process
captures the fact that higher prices may lead providers to change their deployment
decisions.’® In the “Price Discrimination” scenarios, I assume providers price discrim-
inate across geographic markets by setting prices Nash-Bertrand in each census block
group that comprise its coverage area, then after setting prices make their deployment
decisions. Because demand varies by demographic characteristics, providers’ optimal
pricing and deployment decisions will differ according to variation in households’ de-
mographics across geography. I describe providers price setting behavior in more detail
in appendix A.

As previously discussed, games of incomplete information may exhibit multiple
equilibria. This possibility can lead to complications when performing counterfactual
analyses—including the need for the researcher to specify an equilibrium selection mech-
anism that may be somewhat arbitrary. However, I am able to sidestep this issue in my
counterfactual analyses. In counterfactuals (i) and (ii), I compare the status quo com-
petitive market structure in Seattle to but-for scenarios in which either CenturyLink or
Comcast is a monopolist—cases where a unique equilibrium exists. In counterfactual
(iii), in which I quantify the costs and benefits of a broadband expansion policy, multi-
ple equilibria may exist. To deal with this, I compute the minimum compensation each
provider would require in order to deploy new (or higher quality) service in the face
of competition in each unserved, populated area based upon providers’ estimated fixed
costs. This simple approach allows me to quantify the cost of policy without comput-
ing new equilibria or specifying an equilibrium selection mechanism.*® I describe this
further in appendix D.

As part of my counterfactual analysis I compute the change in consumer welfare
under each scenario. Based on my demand specification, I derive lower and upper

bounds for consumer welfare, which I describe in more detail in appendix E.

15Presumably it is possible to iterate this process, however, convergence may not be guaranteed.
6Note that is still possible to use the model to perform alternative counterfactuals that do specify
an equilibrium selection mechanism.
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6.1 Competition and Broadband Deployment

In counterfactual (i), I analyze whether competition incentivizes providers to deploy
broadband service more widely. I compare providers’ deployment predicted by the
structural model under competitive conditions to providers’ deployment in counterfac-
tuals where CenturyLink and Comcast behave as monopolists. Table 6 (see also figure
A7) summarizes the results. Panel A shows that, holding prices fixed, a monopolist
CenturyLink would upgrade its service from DSL to fiber in a small number of cen-
sus blocks covering approximately 12,000 households relative to the model’s baseline
prediction under competition (an increase of 3.17%). When CenturyLink is also able
to adjust its prices, its incentive to upgrade from DSL to fiber is stronger resulting in
upgraded service for about 19,500 households (an increase of 5.24%). This suggests
that broadband providers’ incentive to increase high speed deployment is weaker under
competition. Panel B displays results for Comcast, which shows that Comcast’s deploy-
ment decisions are unaffected by competition whether regardless of whether or not it
is able to adjust its prices. Overall, these results suggest that the effect of competition

on CenturyLink and Comcast’s deployment decisions is relatively weak.

6.2 Benefits of Broadband Competition

In counterfactual (iia), I analyze how much consumers benefit from existing competi-
tion among providers, and what portion of their gains are attributable to changes in
availability and quality versus changes in price. Like counterfactual (i), counterfactual
(iia) simulates broadband deployment in scenarios where CenturyLink and Comcast
behave as monopolists. Table 7 (see also figure A8) displays the change in consumer
surplus when either CenturyLink or Comcast is a monopolist relative to the baseline in
which they compete. In the case where CenturyLink is a monopolist, total annual con-
sumer surplus decreases by $222 million (lower bound), holding prices fixed, and $302
million accounting for CenturyLink’s incentive to raise prices—on average CenturyLink
raises its DSL prices by about 25% and its fiber prices by about 35% (observe that
there is little difference between uniform pricing and geographic price discrimination,
see table A5). These overall reductions in consumer surplus translate into a loss of $154
and $209 per household annually. These results indicate that the benefit of existing
broadband competition from Comcast is substantial. Furthermore, approximately 3/4
of this benefit ($222 million) comes from increased availability and product choices and
1/4 ($80 million) is attributable to price competition. Because competition actually
decreases CenturyLink’s incentive to deploy fiber there are no benefits attributable to
competition derived from increased product quality or deployment.

The results of the Comcast monopoly counterfactual are similar but the loss of
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Table 6. Counterfactual (i): Effect of Competition on Broadband Deployment
(return)

Panel A. CenturyLink Monopoly

Census Blocks Covered Households Covered
Counterfactual DSL Fiber Comcast Wave DSL Fiber Comcast Wave
Baseline 29,335 11,246 39,287 4,481 888,168 372,985 1,314,345 191,341
Fixed Prices 29,308 11,273 876,363 384,790
Uniform Prices 29,289 11,292 868,608 392,545
Price Discrimination 29,289 11,292 868,608 392,545
Panel B. Comcast Monopoly

Census Blocks Covered Households Covered
Counterfactual DSL Fiber Comcast Wave DSL Fiber Comcast Wave
Baseline 29,335 11,246 39,287 4,481 888,168 372,985 1,314,345 191,341
Fixed Prices 39,287 1,314,345
Uniform Prices 39,287 1,314,345
Price Discrimination 39,287 1,314,345

Notes: This table displays the number of census blocks and households covered by CenturyLink,
Comcast, and Wave under different counterfactual scenarios. Panel A shows results where CenturyLink
is a monopolist. Panel B shows results where Comcast is a monopolist. “DSL” and “Fiber” refer to
census blocks/households where CenturyLink deploys DSL and fiber, respectively.
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CenturyLink has a smaller, though still substantial, overall impact on consumer welfare.
However, CenturyLink constrains Comcast’s incentive to raise prices substantially. In
the absence of competition from CenturyLink, I estimate that Comcast’s prices would
increase by approximately 25% (see table AG).

Similar to the previous analysis, in counterfactual (iib) I analyze the benefit of broad-
band competition to consumers. However, unlike counterfactual (iia), here I estimate
the gain in consumer surplus from additional competition by simulating an expansion
of CenturyLink and Comcast’s service areas to all census blocks in my sample, holding
prices fixed.!” Table 7 displays these results. I find an overall increase in consumer
surplus of $35 million (lower bound), $24 per household, as a result of CenturyLink
deploying fiber and Comcast deploying cable to all census blocks in the market. As
might be expected, when compared with the results of counterfactual (iia), the marginal

benefit of increased competition/coverage is decreasing.

Table 7. Counterfactual (iia): Benefits of Existing Competition (return)

Panel A. CenturyLink Monopoly

Households Covered A Consumer Welfare (M) Av. A Consumer Welfare
o . o . Lower Upper Lower Upper
Counterfactual DSL Fiber Comcast Wave Bound Bound Bound Bound
Baseline 888,168 372,985 1,314,345 191,341
Fixed Prices 876,363 384,790 -222 -789 -154 -546
Uniform Prices 868,608 392,545 -302 -1,074 -209 -743
Price Discrimination 868,608 392,545 -302 -1,072 -209 -742
Panel B. Comcast Monopoly
Households Covered A Consumer Welfare ($M) Av. A Consumer Welfare
. Lower Upper Lower Upper
terfactual > Jave
Counterfactua DSL Fiber Comcast Wave Bound Bound Botund Bound
Baseline 888,168 372,985 1,314,345 191,341
Fixed Prices 1,314,345 -46 -164 -32 -113
Uniform Prices 1,314,345 -171 -609 -119 -421
Price Discrimination 1,314,345 -172 -610 -119 -422

Notes: This table displays the number of households covered by CenturyLink, Comcast, and Wave
under different counterfactual scenarios, as well as corresponding changes in consumer welfare. Panel
A shows results where CenturyLink is a monopolist. Panel B shows results where Comcast is a
monopolist. “DSL” and “Fiber” refer to census blocks/households where CenturyLink deploys DSL

and fiber, respectively.

"In principle, it is possible to simulate changes in prices here as well, however, issues with multi-
plicity are preventing me from doing so currently.
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Table 8. Counterfactual (iib): Benefits of Additional Competition (return)

Households Covered A Consumer Welfare (§M) Av. A Consumer Welfare
y . Lower Upper Lower Upper
terfactual T Jomcast Jave
Counterfactua DSL Fiber Comeast Wave Bound Bound Bound Bound
Baseline 888,168 372,985 1,314,345 191,341
Expansion (Fixed Prices) 1,445,411 1,445,411 191,341 35 125 24 87

Notes: This table displays the number of households covered by CenturyLink, Comcast, and Wave
under broadband expansion, as well as the corresponding change in consumer welfare. “DSL” and
“Fiber” refer to census blocks/households where CenturyLink deploys DSL and fiber, respectively.

6.3 Digital Divide Policy: Supply- and Demand-side Subsidies

In counterfactual (iii), I compare the relative costs and benefits of supply- and demand-
side subsides in the broadband market. First, I estimate the costs and benefits of a
“broadband expansion” policy in which CenturyLink deploys fiber and Comcast de-
ploys cable to every unserved census block with households in the market. Second, I
estimate the costs and benefits of a broadband subsidy program that reduces the cost
of broadband for low-income households.

For the supply-side subsidy, I calculate providers’ costs of deployment based on the
fixed cost parameter estimates in table 5, and I calculate the benefits of the policy
as the change in consumer surplus attributable to this new deployment. Specifically,
I calculate the minimum subsidy providers would find profitable to deploy service in
each unserved, populated census block (see appendix D for more detail). Table 9 (see
also figure A9) displays these results. CenturyLink’s overall cost of deploying fiber
to 1,072,354 households is $8.4 billion or $7,799 per household. Comcast’s overall
cost of deploying cable to 131,066 households is $2.4 billion or $18,436 per household.
Comcast’s relatively high per household cost of deployment reflects the fact that the
unserved areas to which it deploys new service are few and presumably the most high
cost areas, whereas CenturyLink deploys some new service and upgrades its service
from DSL to fiber in many more areas. Combined this policy generates $35 million in
consumer surplus annually and increases the overall broadband subscription rate from
81.7% to 85.6% (see table A7). Based on these estimates, the cost of a policy that
completely compensates providers for broadband expansion significantly outweighs the
benefits.

To compare the costs and benefits of the broadband subsidy program I calculate the
cost of distributing subsidies to low-income households, which I compare to the con-
sumer surplus generated by the program. Specifically, I estimate demand for broadband
using my demand model, where households with household income less than $50,000

receive either a $10 or $30 credit towards whichever subscription they choose on a
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monthly basis. I specify these credits to match the subsides distributed to low-income
households under the FCC’s Lifeline Program and Affordable Connectivity Program
(ACP), respectively. Then I multiply the cost of each subsidy by the number of eligible
households to calculate the total program costs. I estimate that a broadband subsidy
of $10 would cost $53 million on an annual basis, generate $26 million in consumer
welfare, and raise the overall broadband subscription rate by 3.5 percentage points to
85.2%. A $30 subsidy program would cost $159 million annually, generate $131 million
in consumer welfare, and raise the overall broadband subscription rate by 8.6 percentage
points to 90.3%.

Comparatively, I find that a broadband subsidy program for low-income house-
holds is much more efficient than supply-side subsidies to providers. However, some
limitations of my analysis deserve discussion. First, these programs benefit different
constituents. Underserved households are not necessarily low-income households, and
in fact many low-income households may live in dense urban areas that have access
but may struggle to afford broadband subscriptions. Second, deployment is a one-time
lump sum investment, whereas demand-side subsidies must continue to be paid out
annually. Third, to the extent that providers respond to demand-side subsidies by
raising their prices, the benefits of a low-income subsidy program would be partially
offset by such increases. Despite these caveats, however, the overall cost of a broadband
expansion policy is significantly higher than the cost of a low-income subsidy program,
and so, even subject to further sensitivity analysis, a reversal in the ranking of the cost

effectiveness of these policies is unlikely.

Table 9. Counterfactual (iii): Supply- vs. Demand-side Subsidies (return)

Households Covered A Consumer Welfare (M) Av. A Consumer Welfare
Counterfactual DSL Fiber Comcast Wave 113‘((::1/1?:1 ggii 113‘2221 g&iﬁé Cost ($M)
Baseline 888,168 372,985 1,314,345 191,341
Expansion (Fixed Prices) 1,445,411 1,445,411 191,341 35 125 24 87 10,779
Household Subsidy ($10) 888,168 372,985 1,314,345 191,341 26 92 18 63 53
Household Subsidy ($30) 888,168 372,985 1,314,345 191,341 131 464 90 321 159

Notes: This table displays the number of households covered by CenturyLink, Comcast, and Wave
under different counterfactual scenarios, as well as corresponding changes in consumer welfare. “DSL”
and “Fiber” refer to census blocks/households where CenturyLink deploys DSL and fiber, respectively.

7 Conclusion

This paper analyzes the relationship between competition and broadband availability in

equilibrium through the lens of a structural model. The model enables me to quantify

44



the effect of competition on Internet service providers’ incentives to deploy high-speed
service, as well as assess the impact of policy prescriptions for the digital divide.

With empirical estimates from Seattle, I find that providers’ incentive to invest in
high-speed broadband is weaker under competition. Despite this negative effect on
providers’ investment incentive, however, I show that consumers reap substantial bene-
fits from competition between providers both from increases in product availability and
choice, as well as from lower prices. Unlike the existing literature, I model price compe-
tition between providers and find that price competition accounts for over a fourth of
these benefits. Overall, I find that Comcast’s competition with CenturyLink generates
$300 million in consumer welfare annually. From a competition policy perspective, these
results suggest that the impact of competition on providers’ investment incentives is of
second-order importance in the broadband market relative to the effect of competition
on price and product choice.

In terms of digital divide policy, in a cost-benefit analysis that compares supply- and
demand-side subsidies to increase broadband subscribership, I find that a program that
reduces the price of broadband for low-income households is considerably more cost
effective than a broadband expansion policy that compensates providers for building
out their coverage areas. These results are potentially useful for policymakers that face
a tradeoff between implementing policies that either increase broadband availability or

increase broadband affordability.
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A Appendix: Providers’ Pricing Behavior

Providers engage in Nash-Bertrand uniform pricing over the census blocks that made
up their coverage areas.
Firm f chooses the set of prices p; to maximize its profits across all census blocks

in its coverage area.
]._.[f = anﬂ— = Zﬂf’m’T_ZFf’m’T‘ (19)

The firm’s first order condition is the sum of the derivative of its variable profit

function across all census blocks in its coverage area,
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where again the firm’s variable profit function is,
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Stacking all firms’ first order conditions, we can represent uniform pricing behavior

in the market as,
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where Oy, represents the “ownership” matrix as in Nevo (2000).
To simplify the representation of the first-order conditions, I define A,, as the matrix

product of the ownership matrix and market-size weighted derivatives of market shares
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with respect to prices,
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The final equation resembles the “classic” FOC matrix in Nevo (2000), except with
uniform prices across census blocks, the firms’ FOCs are essentially weighted by census

blocks size,

Zm Sl,mHm P1—C 0

S mHm —c 0
i I RO Eod 2
Zm SJ,mHm Py —Cy 0

Given firms’ price setting behavior, one can use these FOCs to “back out” the

marginal cost of each product,

C1 D1 ZmSI,mHm
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Given marginal costs, one can also use these FOCs to predict prices in counterfactual
scenarios,
> S1m(P) Hi P1r—a 0
Zm SQ,m(p)Hm P2 — C2 O
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> Ssm(P) Him pr—¢Cy 0
where predicted prices given a change in the market are the new set of prices that
satisfy the set of FOCs.

A.1 Uniform Pricing vs. Price Discrimination

In table X1 below, I compare CenturyLink and Comcast’s variable profits (as monopo-
lists) under uniform pricing and geographic price discrimination (flexible pricing across
census blocks). I find relatively minor increases in providers’ variable profits from geo-
graphic price discrimination suggesting that the incremental benefit of 3rd degree price

discrimination on top of 2nd degree price discrimination—consumer selection on the
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basis of price and quality—is small.

Table X1. Uniform Pricing vs. Price Discrimination (return)

Variable Profits ($M)

Provider Uniform Pricing Price Discrimination Percent Difference
CenturyLink 265.70 268.74 1.15%
Comcast 950.89 982.54 3.33%

B Appendix: Logit Demand

Recall the model of household demand previously described. As a robustness check, I
estimate a version of the model where I assume households have homogenous preferences
for broadband or, f; j.m» = 0, in which case household 7’s indirect utility from subscribing
to plan j is simply,

Wi jom = x;ﬂ —apj +&m + € jm, (23)

where aggregate market shares are given by,

_ exp (@S —api +&m)
L+ 325 exp (28 — api + &m)

jim (24)

In order to calculate the empirical analog of these shares, I combine estimates of zip
code level product market shares from the 2018 Seattle Survey with zip code level data
on the share of households with fixed wireline broadband subscriptions reported in the

2018 ACS. The aggregate market share for plan j in zip code m is given by,

S;jm = Pr(Purchase Broadband),, x Pr(Purchase Plan j|Purchase Broadband),,,

- .

Vv Vv
ACS Data Seattle Survey

where the share of households with broadband subscriptions in zip code m according

to ACS data is,

H holds Broadband
Pr(Purchase Broadband),, = OUS;O:al L‘Z/ e}fofd an m
useholds,,

and the estimated share of households with plan j in zip code m according to the survey
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data is,

, Households w/ Plan j
Pr(Purchase Pl Purchase Wireline),,, = o
r(Purchase Plan j|Purchase Wireline) Households w/ Broadband_|
In this case the estimating equation, which can be estimated with OLS or linear IV,

is given by,
Sim
log <§> =0jm = x;ﬂ —ap; 4+ &m. (25)

In estimating the model I choose two different parameterizations of the households’
mean utility 0;,,, a “linear” specification and a “log” specification. Both the linear
specification,

Ojm = B + Bl + B) — apj + &m,

and the log specification,

0jm = Blog(af) + B log(x}) + 5] — alog(p;) + &jm,

include downstream bandwidth (in mbps) z¢, upstream bandwidth (in mbps) =

brand ﬁé’ as the product characteristics of subscription j.

U

%, and

Results are displayed in table X2. Like previous empirical work on estimating
demand for broadband including Nevo et al. (2016) and Goetz (2019), I find that the
results of the log specification make more intuitive economic sense. Nevo et al. (2016)
actually estimate a very flexible model of demand for broadband that nests linear and

log utility from broadband consumption, of the form,

3
W(fiﬁﬂ

and find that §; closer to 1 is a good fit for households’ consumption of broadband,

which is more consistent with a log utility function.
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Table X2. Logit Demand Estimates (return)

Linear Specification Log Specification
OLS GMM OLS GMM
Monthly Charge -0.0110 -0.0161

(0.0128)  (0.0129)

Download Speed (mbps) 0.00258 0.00285
(0.00144)  (0.00147)

Upload Speed (mbps) 0.00320 0.00338
(0.00103)  (0.000968)

Log Monthly Charge -7.217 -24.08
(2.010) (7.289)

Log Download Speed (mbps) 2.250 6.049
(0.687)  (1.771)

Log Upload Speed (mbps) 0.169 0.383
(0.340)  (0.297)

Comcast 4.762 4.844 3.164 1.499
(0.612) (0.586) (0.755) (1.074)

Wave 1.263 1.861 -1.331 -6.380
(1.490) (1.333) (1.700) (2.760)
Constant -5.988 -5.777 16.75 76.02
(1.902) (1.797) (6.858) (25.54)
Mean Own-price Elasticity -0.915 -1.337 -6.840 -22.82
Zip Code Fixed Effects Yes Yes Yes Yes
Price IV No Yes No Yes
Hansen’s J (p-value) 0.187 0.690
R? 0.280 0.278 0.283 0.210
Observations 400 400 400 400

Notes: Observations are zip codes x products. Heteroskedasticity-consistent standard errors reported
in parentheses.
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C Appendix: Deployment Model with Spatial Costs

In this section, as a robustness check, I estimate a version of the deployment model
that allows a provider’s fixed costs of deployment in each census block to depend upon
the block’s distance to the provider’s network. Each provider’s annual fixed costs from

deploying technology 7 in census block m are given by,

Frmr = ¢pr + L(zpm = none) - [0, + HmeT + AmQ}q’T + Nf,m‘g}\;_] +

TV
Entry Cost

]]‘(Z.ﬁm 7é T) ’ [19f77 + Hmﬁfﬂ' + Amﬁ‘?ﬂ'] +O-nf7m,7'a (26)

N J/

TV
Adjustment Cost

where as before, providers’ technology-specific entry costs in block m depend on the
number of households and land area (H,,, A,,). However, providers’ entry costs now
also depend upon each census block’s distance to the provider’s existing network Ny ,,
which I calculate as the haversine distance (in miles) between block m and the nearest
neighbouring block in which provider f is already deployed. In practice, I compute
these distances for each census block by calculating the spherical distance (geodesic)
between it and every other census block using the centroid of each census block. Then, I
find the distance of the nearest neighbour in which a provider was previously deployed.

Table X3 displays the results of the model including spatial costs. As expected, the
cost of de novo entry is increasing in distance to providers’ existing networks. Figure
X1 plots the implied per household deployment costs of the model as a function of the
number of households, which are comparable to the results in figure 9. Finally, table X4
compares the average deployment costs per household predicted by the baseline model
(table 5) and the model including spatial costs (table X3). Notice that these estimates

are quite similar.
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Table X3. Fixed Cost Estimates with Spatial Costs (return)

Parameters Ppint Standard 5th Pct. 95th Pct.
Estimates Errors

CenturyLink, DSL
Operating Cost st -207.851 (141.205) -390.729 -66.786
Entry Cost Oasi 352.933 (237.877) 112.152 657.411
Entry Cost x Households o1, -0.313 (0.238) -0.647 -0.079
Entry Cost x Land Area 0., -1.796 (1.471) -4.196 -0.607
Entry Cost x Distance oy, 46.388 (32.408) 14.346 90.269
Downgrade Cost st 111.188 (70.475) 30.393 189.388
Downgrade Cost x Households O, -0.383 (0.233) -0.625 -0.139
Downgrade Cost x Land Area 04, -49.889 (37.108) -109.503 -14.185
CenturyLink, Fiber
Operating Cost Diver -335.988 (237.708) -671.300 -108.848
Entry Cost 0 fiver 613.098 (426.354) 192.241 1,177.080
Entry Cost x Households éﬁbw -0.521 (0.569) -1.135 0.050
Entry Cost x Land Area é}“iber -10.517 (54.965) -32.505 -2.930
Entry Cost x Distance é}viber 236.172 (205.492) 66.024 673.652
Upgrade Cost U fiver 286.852 (203.423) 92.706 578.607
Upgrade Cost x Households ﬁﬁber -0.314 (0.243) -0.631 -0.067
Upgrade Cost x Land Area D per 73.806 (46.038) 23.801 145.432
Comcast
Operating Cost g?)cable -235.847 (168.956) -462.326 -67.357
Entry Cost Ocabic 411.604 (288.092) 123.334 798.552
Entry Cost x Households e, 0.276 (0.192) 0.040 0.511
Entry Cost x Land Area A -2.937 (6.697) -7.774 5.256
Entry Cost x Distance N e 57.920 (39.310) 17.244 131.534
Scaling Factor

o 45.920 (30.992) 14.480 86.528
Pseudo Log-likelihood -11,392.375
Census Blocks 59,705

Notes: Observations are census blocks. Model estimated using k-step NPL algorithm. Standard errors
in parentheses and confidence intervals are estimated by nonparametric bootstrap (250 replications).

The scaling factor o coverts unscaled parameter values © into thousands of dollars ©.
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Figure X1. Deployment Costs per Household (return)
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(b) Land Area = 0, Distance = 20
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Notes: Using the estimated fixed cost parameters, this figure plots the implied deployment cost per
household for each technology as a function of households. Panel (a) holds land area fixed at 0 square
miles and distance to the network fixed at 0 miles. Panel (b) holds land area fixed at 0 square miles
and distance to the network fixed at 20 miles. Panel (c) holds land area fixed at 40 square miles
and distance to the network fixed at 0 miles. Panel (d) holds land area fixed at 40 square miles and
distance to the network fixed at 20 miles.

Table X4. Model Comparison: Per Household Deployment Costs (return)

Baseline with Spatial Costs
Parameters Average Std. Dev. Average Std. Dev.
DSL Entry Cost per Household 13,750 (30,778) 12,492 (29,770)
Fiber Entry Cost per Household 24,259 (54,223) 24,138 (65,940)
Fiber Upgrade Cost per Household 10,429 (26,219) 9,760 (24,553)
Cable Entry Cost per Household 16,366 (35,396) 15,167 (35,658)

Notes: Observations are census blocks. Each census block is weighted by number of households.

o7



D Appendix: Broadband Expansion Policy Cost

In order to quantify the cost of a broadband expansion policy, I calculate the minimum
compensation each provider would find profitable to deploy new (or upgraded) service
to each unserved, populated census block in the market (under competition from its
rival) based on the parameter estimates of my model.

Specifically, I calculate the total profit associated with each providers’ technology
choice 7, in each census block m, when it faces competition. CenturyLink’s total profits

from deploying dsl and fiber when Comcast deploys cable, respectively, are:
1ﬁlf,m,dsl - 7Arf,m,dsl(ac,m = Cable) - FZ,m,dsl(-Hm; Am)a

ﬂé,m,f’iber = 7A"-Z,m,fiber(ac,m = CGblG) - Ff,m,fiber(Hma Am)7
and Comcast’s total profits from deploying cable when CenturyLink deploys fiber is,

~ ~

Hc,m,cable = ﬁ-c,m,cable(aﬁ,m = beBT) - Fc,m,cable(Hm7 Am)a

where 7(.) represents providers’ estimated variable profits predicted by the model of
demand, and F (.) represents providers’ estimated fixed costs in dollars.

To calculate the minimum compensation required for CenturyLink to deploy fiber
in census block m, I determine the payment P that makes CenturyLink indifferent
between deploying fiber and its next best alternative (either 7 = none or 7 = dsl)
based on its estimated total profits from each technology choice.

When deploying no service is most profitable (ﬂg’m,dsl < 0 and fIzm fiver < 0), the
payment that makes CenturyLink indifferent between deploying fiber and deploying
no service is given by,

Pﬁ,m,fiber = _H&m,fiber .

When deploying dsl is most profitable (ﬂgﬂmdsl > 0 and ﬂamﬁber < ﬂg,m,dsl), the
payment that makes CenturyLink indifferent between deploying fiber and dsl no service
is given by,

P, fiver = o m ast — o m, fiver-

A

Likewise for Comcast, when deploying no service is most profitable (Il capie < 0),
the payment that makes Comecast indifferent between deploying cable and deploying no
service is given by,

PZ,m,cable = _Hf,m,cable .

Table X5 summarizes the total cost of the broadband expansion policy.
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Table X5. Broadband Expansion Policy Costs (return)

Provider Cost ($1,000s) Households Cost per HH ($s)
CenturyLink 8,362,028 1,072,354 7,799
Comcast 2,416,339 131,066 18,436
Total 10,779,267

E Appendix: Consumer Welfare

To quantify the change in consumer welfare resulting from changes in the market, I
follow Small and Rosen (1981) to calculate the change in consumer surplus in a discrete
choice model. However, because price enters non-linearly into households’ indirect util-
ity function in my demand model, I cannot use the standard formula derived by Small
and Rosen (1981) to quantify changes in consumer surplus. Small and Rosen (1981) note
that price must enter linearly into the indirect utility function in order for their formula
to hold. McFadden (1995) shows that it is possible to numerically approximate changes
in consumer surplus when price enters non-linearly into the indirect utility function.
However, I show that when price enters the indirect utility function as a logarithmic
function, it is possible to bound changes in consumer surplus using a modification of
Small and Rosen (1981).

The standard formula, derived in Small and Rosen (1981), generally used to calculate
a change in consumer surplus when a representative consumer’s indirect utility function

is a linear function of price is,
1
ACS:—[I 1+y ) —log 1+ ] 27
" og ( + 2 exp(u ])) og ( + 2 exp(u J)) (27)

where consumer ¢’s indirect utility from good 7 is,
/
Uiy = T30 — ap; + €,

and ¢; ; is i.i.d. extreme value type 1.

More generally, equation (27) is made up of three components: (1) the marginal
utility of income, (2) the expected utility of the bundle of goods J’, and (3) the expected
utility of the bundle of goods J.

The marginal utility of income comes from differentiating w; ; with respect to pj,

3ui,j,m
6pj

Y
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and, the expected utility of bundle J when ¢; ; is i.i.d. extreme value type 1 is,
E max{u; o, i1, ..., u;,s } = log (1 + Z exp(usy)),
jed

and the expected utility of bundle J’ is analogous.

When price enters consumer ¢’s indirect utility function as a logarithmic function,
/
w;; = 3 — alog(p;) + €,

the only change in the above is the marginal utility of income, which now becomes,

8Ui7]‘ (0%

Op;j B pj.
The result is that the marginal utility of income now depends on the price of each good
j.
However, we know that the inverse marginal utility of income will be greatest for

the highest priced good,

max max
o _ o™
0ui,j « ’

and smallest for the least expensive good,

B Gui,j o ’
In which case, a lower bound of the change in consumer surplus when indirect utility
is a function of log price is,

min

ACS? — pjT [log (1+ Z exp(u;;)) — log (1 + Z exp(um))} :

jeJ’ jeJ
and an upper bound is,

max

ACS™ = pJT [log (1+ Z exp(u;;)) — log (1 + Z exp(ui,j))].

jeJ’ JjeJ

To calculate the bounds of the change in consumer surplus in census block m using
the estimates of my mixed logit demand model when there is change in the market, I

use the following formula,

36 b
ACS,, =12-H,, Z % [log (1 + Z exp(ui,j)) — log (1 + Z exp(ui,j))] “Wim, (28)
i=1 jeJ’ jeJ
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where pg’- is either the lowest or highest priced plan offered by CenturyLink.

F Appendix: Tables

Table Al. Census Tract Demographic Weights (ACS Data) (return)

Statistics Mean Stdv Minimum Median Maximum N
Income [0k, 50k) 0.3071 0.1362 .043 .284 974 686
Income [50k, 100k) 0.3009 0.0800 0 .305 .6 686
Income [100k, 200k+) 0.3920 0.1684 0 .388 .845 686
Less than HS Grad 0.0557 0.0519 0 .041 411 686
HS Grad and Some College 0.4893 0.1876 .082 .516 .863 686
Bachelor’s Degree or Higher  0.4550 0.2152 .039 421 911 686
Household Size (1) 0.2798 0.1270 0 .26 .T78 686
Household Size (2) 0.3484 0.0641 0 .35 .658 686
Household Size (3) 0.1569 0.0524 0 161 .5 686
Household Size (4+) 0.2149 0.0939 0 216 .667 686

Notes: ACS 5-year estimates 2018. This table displays summary statistics for the demographic weights
used to predict households’ demand for broadband in areas extending beyond the Seattle MSA.
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Table A2. CenturyLink Plans by Technology (return)

Download Upload Usage
Monthly Al-
Plan Speed Speed
Charge (mbps) (mbps) lowance
P P (GB)
CenturyLink (DSL): plan 1 46.99 1.5 .875 1,000
CenturyLink (DSL): plan 2 51.99 7 .875 1,000
CenturyLink (DSL): plan 3 56.99 12 .875 1,000
CenturyLink (DSL): plan 4 66.99 20 875 1,000
CenturyLink (DSL): plan 5 71.99 20 2 1,000
CenturyLink (DSL): plan 6 76.99 40 5 1,000
CenturyLink (DSL): plan 7 101.98 60 5 1,000
CenturyLink (DSL): plan 8 126.98 100 12 1,000
Download Upload Usage
Monthly Al-
Plan Speed Speed
Charge (mbps)  (mbps) lowance
ps p (GB)
CenturyLink (FTTH): plan 1 56.99 12 .875 1,000
CenturyLink (FTTH): plan 2 61.99 12 5 1,000
CenturyLink (FTTH): plan 3  66.99 20 .875 1,000
CenturyLink (FTTH): plan4  71.99 20 5 1,000
CenturyLink (FTTH): plan 5 76.99 40 ) 1,000
CenturyLink (FTTH): plan 6  81.99 40 20 1,000
CenturyLink (FTTH): plan 7 96.99 100 50 1,000
CenturyLink (FTTH): plan 8  156.94 1,000 1,000

Notes: FCC Urban Rate Survey 2018. This table summarizes the product portfolios or subscription
menus of CenturyLink, DSL and CenturyLink, Fiber as reported for Washington state in the FCC Ur-
ban Rate Survey. These sets of plans correspond to CenturyLink’s technology choice in my deployment
model.
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Table A3. Marginal Costs Estimates (return)

Plan Characteristics Mixed Logit
Download Upload . Marginal -
Plan Speed Speed Price Margin
(mbps) (mbps) Cost

CenturyLink, DSL: plan 1 1.5 .875 46.99 33.75 0.2818
CenturyLink, DSL: plan 2 7 .875 51.99 37.33 0.2820
CenturyLink, DSL: plan 3 12 .875 56.99 40.90 0.2823
CenturyLink, DSL: plan 4 20 .875 66.99 48.04 0.2829
CenturyLink, DSL: plan 5 20 2 71.99 51.59 0.2834
CenturyLink, DSL: plan 6 40 5 76.99 55.15 0.2837
CenturyLink, DSL: plan 7 60 5 101.98 72.94 0.2848
CenturyLink, DSL: plan 8 100 12 126.98 90.70 0.2858
CenturyLink, Fiber: plan 1 12 .875 56.99 40.16 0.2953
CenturyLink, Fiber: plan 2 12 5 61.99 43.62 0.2964
CenturyLink, Fiber: plan 3 20 .875 66.99 47.17 0.2959
CenturyLink, Fiber: plan 4 20 5 71.99 50.61 0.2970
CenturyLink, Fiber: plan 5 40 5 76.99 54.12 0.2971
CenturyLink, Fiber: plan 6 40 20 81.99 57.55 0.2980
CenturyLink, Fiber: plan 7 100 50 96.99 67.99 0.2990
CenturyLink, Fiber: plan 8 1,000 1,000 156.94 109.53 0.3021
Comcast: plan 1 10 2 49.95 11.92 0.7614
Comcast: plan 2 55 5 64.95 15.21 0.7658
Comcast: plan 3 100 5 79.95 18.50 0.7685
Comcast: plan 4 200 10 94.95 21.67 0.7718
Comcast: plan 5 250 25 149.95 33.03 0.7797
Comcast: plan 6 987 35 159.95 35.13 0.7803
Wave: plan 1 10 1 45.10 28.80 0.3613
Wave: plan 2 100 5 73.45 46.59 0.3658
Wave: plan 3 250 10 81.55 51.63 0.3669

Notes: Marginal costs are estimated with the parameters of the mixed logit demand model using
firms’ pricing FOCs under the assumption of uniform pricing across geographic markets.
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Table A4. Fixed Cost Estimates (return)

Point

Standard

Parameters Estimates Frrors 5th Pct. 95th Pct.
CenturyLink, DSL
Operating Cost Ddsi -4.528 (0.057) -4.627 -4.437
Entry Cost Odsi 8.238 (0.077) 8.115 8.372
Entry Cost x Households 01, -0.002 (0.001) -0.003 -0.001
Entry Cost x Land Area 05, 0.040 (0.022) 0.017 0.087
Downgrade Cost st 2.420 (0.481) 1.497 3.005
Downgrade Cost x Households IH, -0.008 (0.001) -0.010 -0.006
Downgrade Cost x Land Area 95, -1.084 (0.474) -2.202 -0.678
CenturyLink, Fiber
Operating Cost O fiver -7.320 (0.458) -8.182 -6.782
Entry Cost O fiver 14.481 (0.517) 13.806 15.452
Entry Cost x Households 0 fber -0.003 (0.016) -0.007 0.030
Entry Cost x Land Area Hﬁber 0.370 (9.289) 0.043 11.941
Upgrade Cost U fiver 6.248 (0.456) 5.680 7.135
Upgrade Cost x Households ﬁ%ber -0.007 (0.001) -0.008 -0.006
Upgrade Cost x Land Area 1932‘%67, 1.599 (0.390) 1.098 2.403
Comcast
Operating Cost Deaple -5.153 (0.127) -5.357 -4.941
Entry Cost Ocaple 9.460 (0.138) 9.189 9.655
Entry Cost x Households o, . 0.009 (0.005) 0.002 0.019
Entry Cost x Land Area 02 e 0.192 (0.710) 0.021 2.051
Scaling Factor

o 49.074 (33.358 27.718 98.690
Pseudo Log-likelihood -11,618.410
Census Blocks 59,705

Notes: Observations are census blocks. Model estimated using k-step NPL algorithm. Standard errors

in parentheses and confidence intervals are estimated by nonparametric bootstrap (250 replications).

The scaling factor o coverts unscaled parameter values © into thousands of dollars ©.
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Table A5. CenturyLink Monopoly: Counterfactual Prices (return)

Plan Characteristics Uniform Prices Price Discrimination

Download Upload

Plan Speed Speed Price  Uniform Chzénge PD Ch(f)nge
(mbps)  (mbps)
CenturyLink, DSL: plan 1 2 1 46.99 58.58 24.67 58.48 24.46
CenturyLink, DSL: plan 2 7 1 51.99 64.72 24.48 64.58 24.22
CenturyLink, DSL: plan 3 12 1 56.99 70.97 24.53 70.80 24.23
CenturyLink, DSL: plan 4 20 1 66.99 83.56 24.73 83.30 24.35
CenturyLink, DSL: plan 5 20 2 71.99 90.13 25.19 89.81 24.76
CenturyLink, DSL: plan 6 40 5 76.99 96.62 25.50 96.24 25.01
CenturyLink, DSL: plan 7 60 5 101.98 128.45 25.95 127.81 25.33
CenturyLink, DSL: plan 8 100 12 126.98 160.73 26.58 159.78 25.83

CenturyLink, Fiber: plan 1 12 1 56.99 75.74 32.90 75.04 31.67
CenturyLink, Fiber: plan 2 12 5 61.99 83.20 34.22 82.39 32.91
CenturyLink, Fiber: plan 3 20 1 66.99 89.25 33.23 88.34 31.87
CenturyLink, Fiber: plan 4 20 5 71.99 96.84 34.51 95.81 33.09
CenturyLink, Fiber: plan 5 40 5 76.99 103.53 34.47 102.39 32.99
CenturyLink, Fiber: plan 6 40 20 81.99 111.12 35.53 109.84 33.97
CenturyLink, Fiber: plan 7 100 50 96.99 132.20 36.30 130.53 34.58
CenturyLink, Fiber: plan 8 1,000 1,000 156.94 217.95 38.87 214.50 36.67

Notes: This table displays the change in the price of CenturyLink’s products when it prices as a

monopolist.

Table A6. Comcast Monopoly: Counterfactual Prices (return)

Plan Characteristics Uniform Prices Price Discrimination

Download Upload

Plan Speed Speed Price  Uniform Ch?nge PD Ch?nge
(mbps)  (mbps)

Comcast: plan 1 10 2 49.95 60.87 21.85 61.41 22.95
Comcast: plan 2 55 5 64.95 80.70 24.25 80.72 24.28
Comcast: plan 3 100 5 79.95 100.63 25.87 100.00 25.08
Comcast: plan 4 200 10 94.95 121.57 28.03 120.08 26.47
Comcast: plan 5 250 25 149.95 201.24 34.20 195.69 30.51
Comcast: plan 6 987 35 159.95 214.65 34.20 208.21 30.17

Notes: This table displays the change in the price of Comcast’s products when it prices as a monopo-
list.
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Table A7. Counterfactuals: Coverage and Market Shares (return)

Panel A. CenturyLink Monopoly

Percent of Households Covered

Market Shares

Models DSL Fiber Comcast Wave Omélde Ins%de DSL Fiber Comcast Wave
Option Options

(0) Baseline 0.6145 0.2580 0.9093 0.1324 0.1835 0.8165 0.0976 0.0583 0.6218 0.0389

(1) Fixed Prices 0.6063 0.2662 0.4980 0.5020 0.3286 0.1735

(2) Uniform Prices 0.6009 0.2716 0.6845 0.3155 0.2083 0.1072

(3) Price Discrimination 0.6009 0.2716 0.6785 0.3215 0.2121 0.1094

Panel B. Comcast Monopoly

Percent of Households Covered Market Shares

Models DSL Fiber Comcast Wave ()utslde Ins%de DSL Fiber Comcast Wave
Option Options

(0) Baseline 0.6145 0.2580 0.9093 0.1324 0.1835 0.8165 0.0976 0.0583 0.6218 0.0389

(1) Fixed Prices 0.9093 0.2548 0.7452 0.7452

(2) Uniform Prices 0.9093 0.4040 0.5960 0.5960

(3) Price Discrimination 0.9093 0.3927 0.6073 0.6073

Panel C. Broadband Expansion or Subsidy

Percent of Households Covered Market Shares

Models DSL Fiber Comcast Wave OULSflde Insfde DSL Fiber Comcast Wave
Option Options

(0) Baseline 0.6145 0.2580 0.9093 0.1324 0.1835 0.8165 0.0976 0.0583 0.6218 0.0389

(1) Expansion (Fixed Prices) 1.0000 1.0000 0.1324 0.1443 0.8557 0.2203 0.6128 0.0226

(2) Household Subsidy ($10) 0.6145 0.2580 0.9093 0.1324 0.1482 0.8518 0.1055 0.0598 0.6450 0.0415

(3) Household Subsidy ($30) 0.6145 0.2580 0.9093 0.1324 0.0968 0.9032 0.1210 0.0574 0.6743 0.0505

Notes: This table displays the number of households covered by CenturyLink, Comcast, and Wave

under different counterfactual scenarios, as well as counterfactual market shares.

Panel A shows

results where CenturyLink is a monopolist. Panel B shows results where Comcast is a monopolist.

Panel C shows results for supply- and demand-side subsidies.

blocks/households where CenturyLink deploys DSL and fiber, respectively.
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G Appendix: Figures

Figure A1l. ISPs’ Coverage Areas (return)

CenturyLink (2018)

No Service
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Notes: FCC Form 477 data. This figure displays providers’ 2018 coverage areas in the Seattle area
including the following counties: King, Kitsap, Mason, Pierce, and Thurston.
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Figure A1l (Cont.). ISPs’ Coverage Areas (return)
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Notes: FCC Form 477 data. This figure displays providers’ 2018 coverage areas in the Seattle area
including the following counties: King, Kitsap, Mason, Pierce, and Thurston.
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Figure A2. Seattle Technology Access and Adoption Survey (return)

For each of the ways you get internet where you live, please tell us approximately how much each
internet service costs per month to your household. If the cost is included as part of your rent or
homeowner’'s dues, please check the box provided. If it is part of a bundled service that also includes
other services (such as cable TV, calling and/or text, home security, etc.) please tell us the total cost per
month for all bundled services:

Please check all that apply.

Have Approx. Approx.

This |Included with Payfor  Monthly Pay as Monthly

Service | My Rent or Each Cost for Part of Cost for

Where | | Homeowner Service Each Bundled = Bundled

. Live Dues Individually Service | Service  Services

Century Link (DSL or

fiber internet) O a ’ Q ‘  S— - | S
Wave cable internet Q Q a $ Q $

Comcast cable internet Q Q =] \ S Q S
Cellular data plan Q 3 S Q $
Other specify: a a ‘ a ‘ s a |s
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Figure A3. CenturyLink (return)
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Notes: Seattle Technology Adoption Survey 2018, FCC Urban Rate Survey 2018. This figure shows
the distribution of CenturyLink subscribers’ estimated subscription price with CenturyLink’s menu
of plans overlayed. The lowest priced plan (in red) is 12/0.875 mbps upload/download speed. The
highest priced plan (in green) is 1000/1000 mbps upload/download speed.
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Figure A4. Comcast (return)
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Notes: Seattle Technology Adoption Survey 2018, FCC Urban Rate Survey 2018. This figure shows
the distribution of Comcast subscribers’ estimated subscription price with Comecast’s menu of plans
overlayed. The lowest priced plan (in red) is 10/2 mbps upload/download speed. The highest priced
plan (in green) is 987/35 mbps upload/download speed.
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Figure A5. Wave (return)
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Notes: Seattle Technology Adoption Survey 2018, FCC Urban Rate Survey 2018. This figure shows
the distribution of Wave subscribers’ estimated subscription price with Wave’s menu of plans overlayed.
The lowest priced plan (in red) is 10/1 mbps upload/download speed. The highest priced plan (in
green) is 250/10 mbps upload/download speed.
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Figure A6. Model Fit (return)
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Notes: This figure displays overall actual and predicted broadband shares estimated for 2,352 census
block groups in the Seattle region. “Actual” shares are computed using ACS estimates. “Predicted”
and provider-specific shares are computed using demand estimates.

Figure A7. Counterfactual (i): Change in CenturyLink’s Deployment Under
Monopoly (return)
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Notes: This figure displays the change in CenturyLink’s deployment (and coverage) when it behaves
as a monopolist under different counterfactual scenarios. “Fixed” means that prices are held fixed.
“Adjust” means that prices are set based upon uniform pricing.
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Figure A8. Counterfactual (ii): Monopoly Outcomes—Subscriptions, Prices, and
Consumer Surplus (return)
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Notes: This figure displays the change in broadband subscriptions and prices (and the corresponding
change in consumer surplus) when CenturyLink and Comcast behave as a monopolists under different
counterfactual scenarios. “Fixed” means that prices are held fixed. “Adjust” means that prices are
set based upon uniform pricing.
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Figure A9. Counterfactual (iii): Digital Divide Policies—Subscriptions, Con-
sumer Surplus, and Program Costs (return)
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Notes: This figure displays the change in broadband subscriptions and consumer surplus under dif-
ferent digital divide policies, as well as the costs of these policies.
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