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ABSTRACT

Digital equity in Internet access is often measured along three axes:
availability, affordability, and adoption. Most prior work focuses on
availability; the other two aspects have received less attention. In
this paper, we study broadband affordability in the US by focusing
on the nature of broadband plans offered by major ISPs. To this
end, we develop a broadband plan querying tool (BQT) that obtains
broadband plans (upload/download speed and price) offered by
seven major wireline US ISPs for any street address in the US. We
then use this tool to curate a dataset, querying broadband plans for
over 837 k street addresses in thirty cities for these ISPs. We use a
plan’s carriage value, defined as the Mbps of a user’s traffic that an
ISP carries for one dollar, to compare plans. Our analysis provides
us with the following new insights: (1) ISP plans vary inter-city.
Specifically, up to 60% of the census block groups in a city can
receive low carriage value plans from an ISP; (2) ISP plans intra-city
are spatially clustered, and the carriage value can vary as much
as 600% within a city; (3) Cable-based ISPs offer up to 30% higher
carriage value to users when they are competing with fiber-based
ISPs in a block group compared to when they are operating alone
or in conjunction with a DSL-based ISP; and (4) Fiber deployments,
which have better carriage values, are associated with higher av-
erage income block groups. While we hope our tool, dataset, and
analysis in their current form are helpful for policymakers at dif-
ferent levels (city, county, state), they are only a small step toward
quantifying digital inequity. We conclude with recommendations
to further advance our understanding of broadband affordability.
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1 INTRODUCTION

The National Digital Inclusion Alliance (NDIA) in the US defines
digital equity as “a condition in which all individuals and commu-
nities have the information technology capacity needed for full
participation in our society, democracy, and economy” [48]. As
modern life has moved increasingly online, high-quality Internet
access has become a key component of digital equity. The Covid-19
pandemic, and the post-pandemic “new normal” of remote interac-
tion, have drastically changed the need for home Internet access;
work-from-home, online/remote schooling, telemedicine, and other
networked applications have become increasingly indispensable.
As a result, individuals without home access to highly reliable,
high-speed broadband are severely disadvantaged [41].

Policymakers cannot take effective corrective actions, such as
offering subsidies [38], regulating rates [7], and funding access
infrastructure [49], without understanding the true characteris-
tics of digital inequity. Digital equity, especially in the context
of Internet access, is often measured along three axes: availabil-
ity, affordability, and adoption [54]. Many past efforts [36, 51, 52],
including ones in our research community, have focused on mea-
suring availability. Researchers have disaggregated availability into
coverage and quality. Here, coverage answers whether broadband
access is available in a geographical region, while quality answers
questions related to access type (e.g., cable, fiber, DSL), and up-
load/download speed. Researchers and policymakers use publicly-
available datasets, such as the FCC’s Form 477 [28], Measuring
Broadband America (MBA) [39], and Measurement Lab (M-Lab)
speed test [46], as well as proprietary ones, such as Ookla’s speed
test [50], to characterize Internet connectivity. More recently, as
part of the Broadband Equity, Access, and Deployment (BEAD)
program, the US Congress directed the FCC to develop an accurate
map of fixed broadband availability across the US. Though it is still
a work in progress, when completed, the FCC National Broadband
Map [17] will provide information regarding broadband availability
(i.e., provider, access type, maximum upload/download speed) at
the granularity of street addresses.

Whereas the existing datasets in the US broadband sector, in-
cluding the most recent FCC National Broadband Map, measure
availability, affordability has received less attention. To answer any
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question related to broadband affordability, extracting the “cost of
broadband connectivity”, i.e., the nature of the “deal” a user is get-
ting, at fine-grained geographical granularity, is important. Using
cost data, one can answer policy questions such as (1) what pricing
policies do ISPs employ to users in different regions (i.e., neighbor-
hoods, cities, states)?; (2) where, within a region, are different types
of deals offered by ISPs?; (3) how does the (lack of) competition
among ISPs affect broadband prices in a region?; and (4) how do
socioeconomic and demographic factors correlate with broadband
prices?

Most previous studies have either focused on manually querying
ISP websites [42, 47] or self-reporting from ISPs [40], and, at best,
they scratch the surface of questions (1) and (2). A more recent study
by a team of investigative journalists curated broadband availability
and cost data at street-level granularity for four major ISPs across
43 cities.! However, among other limitations, this study did not
analyze the broadband plans for major cable-based ISPs (e.g., Cox),
and thus, it could not fully answer questions (3) and (4).

Our goal is to curate a new dataset that enables a better un-
derstanding of broadband affordability in the US, addressing the
limitations of prior related efforts. To this end, we present the design
and implementation of a new broadband plan querying tool (BQT).
BQT takes a street-level address as input and returns the available
broadband plans offered by major ISPs at that address. Here the
plans entail the maximum upload speeds, download speeds, and
corresponding prices in US dollars; typically, multiple plans are
available to each residential address. BQT automates mimicking the
behavior of a real user interacting with an ISP’s website to query
available broadband plans for a given street address. It addresses
various challenges to offer a high hit rate, i.e., the number of street
addresses it can successfully query for an ISP and the number of
major ISPs it can query.

We use BQT to curate our broadband plans dataset while en-
suring our data collection effort does not overwhelm ISP websites.
Specifically, we collect and analyze plan data in thirty US cities with
diverse populations, population density, and median income. We
identify seven major ISPs that reach 89% of the total census blocks
in the US [17]. For each (ISP, city) pair, we sample a subset of resi-
dential addresses extracted from a dataset provided by Zillow [3].
We feed these addresses to BQT to curate the desired broadband
affordability dataset.

We use this dataset to answer multiple policy questions about
broadband affordability in the US. Specifically, we use the metric
carriage value to characterize broadband plans.? This metric quanti-
fies the amount of user Internet traffic (in megabits) that an ISP can
carry per second, per dollar spent on a monthly broadband plan.
For example, the carriage value for a broadband plan with a down-
load speed of 100 Mbps at $50/month is 2 Mbps/$. Intuitively, the
higher the carriage value, the better the deal the user receives for
their broadband subscription, and vice versa. We use this metric to
study the quality of “deals” ISPs offer within and between different
cities. From an end user’s perspective, we explore how this metric
varies across different ISPs active in a region, how the nature of

10ur team provided technical assistance for this investigative reporting.

2A paper recently proposed this metric in the legal literature [47] that the White House
referred to in announcing a new Executive Order [8] citing a call to arms to address
the lack of competition among broadband service providers in the US.
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the deal correlates with various demographic and socioeconomic
factors, and the state of competition among ISPs locally. By using
this metric, our paper and its findings can contribute directly to
the ongoing discussion currently active in the US on broadband
pricing, ensuring consistency and relevance.

In summary, our work offers three major contributions:
Broadband plan querying tool (Section 3). We present the de-
sign and implementation of a broadband plan querying tool that
reliably queries the websites of seven major ISPs, mimicking a real
user, to extract the available broadband plans for a given street
address.

Broadband plans dataset (Section 4). We present our methodol-
ogy to curate a broadband plans dataset by querying 837 k unique
addresses (1.2 M plans) across 30 cities (18 k census block groups)
and seven major ISPs in the US. Our emphasis is metropolitan/ur-
ban areas across the US. However, our work can be expanded to
include small towns and rural areas.

Characterization of broadband plans (Section 5). We conduct a
multi-dimensional analysis to study the intra- and inter-city distri-
bution of broadband plans (i.e., carriage value) for each ISP and how
these plans are affected by competition among ISPs and various
demographic and socioeconomic factors. Our analysis offers the
following key insights: (1) ISP plans vary by city, i.e., the fraction of
census block groups that receive high (and low) carriage value plans
are variable across cities. (2) ISP plans within a city are spatially
clustered, and the carriage value can vary as much as 600% within
a city. (3) Cable-based ISPs deliver up to 30% greater carriage value
to users when in competition with fiber-based ISPs within a block
group, as opposed to when they operate independently or alongside
a DSL-based ISP. (4) Block groups with higher average income tend
to be associated with higher fiber deployments, which offer supe-
rior carriage values. However, racial composition and population
density, when considered independently of average income, do not
correlate with differences in fiber deployment.

We view this work as an important step towards understanding
broadband affordability in the US at scale. We note that broadband
affordability is multifaceted, with numerous factors to consider.
While our analysis provides valuable insight, it only scratches the
surface of what policymakers must address when assessing broad-
band affordability. The evaluation of broadband affordability in a
specific region or for a particular population may require consider-
ation of additional factors beyond the scope of this paper. To enable
other researchers and policymakers to advance our understanding
of this critical topic, we will make our tool and a privacy-preserving
version of our dataset publicly available. We conclude this study
with recommendations for different stakeholders to further improve
the understanding of broadband affordability.

Ethical concerns. Please refer to Section 4.2 for a discussion of
how we address ethical concerns regarding our data-collection tool
and methodology.

2 BACKGROUND & MOTIVATION

Broadband providers in the US. Thousands of US ISPs offer
broadband connectivity, reaching approximately a hundred million

3Xfinity emerges as an exception as its plans are invariant across the specific cities we
study in this work.
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residences. Most of these ISPs operate locally and have a fairly vulnerable populations, e.g., low-income and high-minority com-
small footprint [27, 33 34. This paper considers seven major ISPs, munities, than others. Based on this analysis, the authors highlight
each serving at least one million residences. Together they reach the importance of analyzing the cost of Internet service and down-
89% of the total census block groups in the US. We can divide these load speed instead of download speed in isolation. A limitation of
ISPs into two broad categories: DSL/ ber-badethd cable-based  the Markup's study, however, is that it does not include cable-based
providers. Our work, like others@], con rms that these ISPs either ISPs, which serve most of the US populatid#][ Consequently,
operate as a monopoly or duopoly, i.e., at max, only two major ISPs their dataset is not suited to explore the dynamics between cable
compete with each other in a census block group. Also, ISPs of and DSL/ ber providers nor to the study of how competition be-
the same type do not compete with each other: DSL/ ber-based tween the two changes the nature of broadband plans in a region. In
ISPs do not compete with each other, and cable-based ISPs do notaddition to that, as discussed in Section 3.2, extending BAT clients
compete [6]. Moreover, in major cities, cable-based ISPs dominate to collect data for all major ISPs is non-trivial.

in terms of coverage, i.e., they serve almost all the block grodgs [ Our approach. In this work, we address the key gaps of previous
In contrast, DSL/ ber providers serve a smaller fraction of block e orts by curating a comprehensive broadband plan dataset in

groups. Finally, in part because ber deployments are relatively new
and more expensive to deploy, DSL is often (though not always)
o ered in more block groups than ber. Given these trends, cable-

terms of location and type of ISPs. First, we develop BQT to obtain
plan information across 837 k street addresses for three major cable
providers and four major DSL/ ber providers. Our dataset provides

based ISPs operate in three distinct modeshle monopo)ygable-
DSL duopolyandcable- ber duopoly

Existing broadband availability datasets. The FCC recently
launched a street address-level map of broadband availabili@. [
This is an improvement over the previous iteration, based on
provider input through Form 47738, which o ered this infor- Our goal is to develop @obustmeasurement tool that caaccu-
mation at census block-level granularity. This new map reports  rately report the broadband plans o ered by major ISPs for a given
the maximum upload and download speeds and the access tech-get of street-level addressesstale Rather than relying on user
nology (e.g., ber, cable) at street-level granularity and relies on  syrveys [42] or self-reporting [40] from ISPs, we focus on directly
self-reporting from ISPs. Previous e orts curated similar data querying ISP BATs. Minimizing disruption to end users using BAT
by manually 2§ or automatically 44 querying ISP web inter-  is an important priority while developing this tool. In essence, for a
faces, also referred to as a broadband availability tool (BAT). Such gjven list of input addresses, we want this tool to achieve a high hit
third-party e orts enable auditing self-reported data from di erent  ate, j.e., successfully extract broadband plans for as many input

ISPs [5, 32, 44]. street addresses as possible, promptly, yet without disrupting the
These datasets improve our understanding of broadband avail- normal service o ered by the ISP to end users.

ability, both in terms of coverage and quality. However, without any

pricing information, it is not possible to characterize broadband 3.1 Challenges
a ordability.

Existing broadband plan datasets. Prior e orts have typically
curated broadband plan datasets by manually querying ISP BATs
For example, the California Community Foundation and Digital
Equity Los Angeles queried Spectrum's website to curate a list of
broadband plans for 165 street addresses in Los Angeles Countytion. As a result, the querying process is a dynamic, multi-step

(California) [42. One study 7] manually compiled a dataset of ._process, where the information displayed at each step is based on

f126 sttr_eet 3\?#{6?] es actrods.s Si\'lelrl'sfqatttehs tg.Obta.T avznlab(ljebplzn "Nthe internal logic and state of each BAT, as well as the input pro-
ormation. Yhile these studies nighiig € disparily in broadban ided by the user in the previous step. For instance, after the user

plans, small-scale datasets are, at best, suggestive of broader ar'a(;nters a street address, the next web page may either show available

more general trends. broadband plans, indicate an incorrect input address, or inform the

tMo(rje (rjet;engx_ranl_onltlne mvestlgz;tltve pI?tforT, ;I;]he Mtarkl:_m‘ ¢ user that they are already a subscriber at that address. Additionally,
extendedhe client{4 approach to automate the extraction o ensuring that the tool can query all major ISPs is challenging be-

broadband plans for four major ISPs in 43 US cities. Their stud, | cause di erent ISPs use di erent formats and interfaces, such as

Wh'.CT)!Is.tth.e Thos;closle ;elateddprlorwgrkl)( to ou_rs,lggs Sltgg_l cantt drop-down menus or click buttons, to present this information and
variability in the download speed o ered by major ISPs atdierent " "\ o\ respond.

price points. For i_nstance, the authprs found that, for $55/month, To illustrate, Figure 1 shows di erent steps that our tool needs
AT&T o ers 1000 times greater maximum download speed to some to follow to extract the broadband plans. Here we use AT&T as an

aotlijre‘sses g] t1h_ﬁ s;'\i/lmekuty; tt:lsdphcfnomgn(t)rr: |ts referred .to ?;Ptler- example, but we con rm that all other ISP BATSs also follow these
attening [ 2. The Markup's study also nds that some major ISPs, steps. In the rst case, as illustrated in Figure 1a, AT&T could not

such as AT&T and CenturyLink, provide lower speeds to more identify the input street addressWhen faced with this scenario,
the expected response for the end user is to access the drop-down

insight into the ISP plan structure in 30 cities around the US. Using
this dataset, we can characterize how ISP plans change between
cities, within a city, and in the presence of another ISP.

3 THE BROADBAND-PLAN QUERYING TOOL

In theory, obtaining broadband plan information from an inter-

net service provider's BAT should be straightforward. However, in
" practice, it is often complicated due to the quality of street address
datasets. Most street address datasets are crowdsou®84,
which can result in incomplete, incorrect, or ambiguous informa-

“We categorize DSL and ber providers together as, if an ISP o ers a DSL-based service,

it typically also o ers a ber-based service, and vice versa. 5Note for privacy reasons, we have blurred the speci ¢ street address in this example.
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(a) Wrong address

(b) Existing account
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(c) Multi-dwelling units

Figure 1: lllustration of di erent steps that BQT handles while querying ISP broadband plans through their BATs.

menu that the BAT provides and then select an address from the
o ered address set. As a next step, AT&T could indicate that an
active customer already exists in this speci c street address. In
this scenario, the BAT o ers three distinct choices, as shown in
Figure 1b. If a user is already an AT&T subscriber residing in that
address, the rst two options given them the ability to change their
plan or add a new plan. This would prompt the BAT to render an
authentication form to ensure the user is an active subscriber. The
third option applies to a new customer who is interested in viewing
the set of AT&T plans at that address. This step does not require
any authentication. Finally, a particular address could be a multi-
dwelling unit, i.e. with an apartment/unit number that was not
input during the initial stage. For that scenario, as demonstrated in
Figure 1c, the BAT provides an option to select one of the possible
apartments/units at that address.

3.2 Strawman: Extend Existing BAT Client

A potential solution to obtain broadband plan information is to en-
hance the BAT client approach proposed in previous resear. [
This approach was designed to query the binary availability of

broadband service (i.e., service/no service) for a speci c street ad-

dress. For every ISP, a BAT client was designed, which involved
reverse-engineering each ISP BAT by observing how it uses dif-
ferent RESTful APIs to extract the desired information, such as
broadband availability. For example, the BAT client can observe
that when a browser sends a request with a street address, it re-

choice. However, we observed that the proposed approach has sev-
eral limitations that make it di cult to adapt to satisfy our goals.
Speci cally, since the publication of the previous workd4], ISPs
have safeguarded their RESTful APIs from such direct quering.
For example, some ISPs have now started using dynamic cookies
that append unique server-side parameters to each user session.
Some BATs have started blocking queries from an IP address that
uses the same cookie across multiple API requests. Dynamically
generating a new cookie for each APl request is non-trivial and is
not supported by the original BAT client.

3.3 BQT Approach

To decouple the querying process from ISP safeguarding strategies,
our approach avoids directly querying their RESTful APIs. Instead,
we use a popular web automation tool, Selenium, to mimic di erent
end-user interactions for extracting the desired broadband plan
information.

As a rst step, we manually inspect the work ow for di erent
ISP BATs. Each BAT employs a speci c template to display the
information for each step in the work ow. As part of this man-
ual bootstrapping step, we enumerate all possible templates and
identify unique patterns in their HTML content using regular ex-
pressions to help detect them at runtime.

The second challenge is to identify how to mimic a user's behav-
ior using Selenium to advance successfully to the next step. This
step is critical for ensuring a high hit rate for BQT. Speci cally, we
handle di erent templates as follows.

ceives a response with an ID, and subsequent requests in the next Incorrect addres8s mentioned earlier, street addresses are noisy
step use this ID and, in some cases, a session cookie from the pre-due to inherent ambiguity between di erent identi ers. For exam-

vious step. The BAT client then uses the Pythmequests library

to directly send a series of requests to the ISP's RESTful APIs. Di-

ple, for the same street address, some databases might use Ave
instead of Avenue and CT or Ct instead of Court. Whenever

rectly querying the APIs is scalable; thousands of street addresses there is a mismatch between the input street address and the one

can be handled in parallel. In 2020, the authors #4[used this
approach to query approximately 35 million street addresses. Their
data analysis revealed the limitations of the information provided
by the FCC's Form 4772H, reinforcing the need for such informa-
tion to be made available at street-level granularity as previously
suggested by other research [37, 51].

Limitations. Since the BAT client approach has been successfully

used to query millions of street addresses for all major ISPs, ex-

tending it to extract o ered broadband plans seems like a natural

in the ISP's database, it shows an incorrect address web page and
often provides a list of one or more street addresses as suggestions.
Given the prevalence of this occurrence, addressing it is critical to
ensure a high hit rate for BQT. We address this issue by storing the
list of suggested street addresses for o ine analysis. We then apply
string-matching over each suggested address in this list to nd the
one that best matches the input street address. As a sanity check,

SWe do not assert that ISPs have changed their safeguarding strategies in response to
previous data-collection e orts.
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Figure 2: BQT hit rate per ISP.

Figure 3: BQT query time resolution distribution per ISP.

there is an increase in the BQT's hit rate for each ISP. The query

we ensure that the selected street addresses have the same zip Codéesolutlon time for a given street address is the amount of time it

as our initially queried address. We then query the ISP's BAT to
extract the broadband plan information.
Multi-dwelling units.For addresses where a speci ¢ street address
has multiple dwelling units (e.g., two or more apartments), the ISP
BAT typically shows a multi-dwelling unit web page and suggests
more re ned street addresses (e.g., speci ¢ apartment numbers).
Similar to previous work #4], we replace the input street address
with a randomly selected address from this list. We then use this
new address to query the ISP's BAT to extract the broadband plan
information.
Existing customerH.the resident of an input street address is al-
ready a subscriber, the ISP BAT displays an existing customer web
page and o ers two options. The rst option directs the user to their
account, while the second allows a new user to query o ered plans.
Given our interest in extracting the available broadband plans, we
select the second option.

To avoid failures, we must ensure that all the Document Object
Model elements for a step are successfully downloaded before apply-
ing any user action. The download times can vary across di erent

takes BQT to obtain a response from an ISP BAT. Figure 3 presents
the distribution of query resolution time for each ISP. The median
time for Frontier query resolution is lowest, at 27 seconds, while
it is highest, at 100 seconds, for Spectrum, despite no signi cant
di erence in the number of intermediate webpages rendered. Given
that this latency can be signi cant, we describe the methodology
we adopt to make BQT more scalable in Section 4.1.

Limitations. BQT has been speci cally designed to work with the
BATSs o ered by seven major ISPs. However, any changes made to
the interfaces of these BATSs by the ISPs, such as the addition of new
drop-down forms, will require BQT to be updated. To ensure that
BQT continues to function properly over time, we must monitor
the BATSs for all the supported ISPs and upgrade BQT as necessary
to accommodate any changes. In the future, we plan to make BQT
more modular, which will help minimize the e ort required to adapt

it to these changes.

4 BROADBAND PLAN DATASET CURATION
In this section, we describe the dataset we aggregate through BQT.

templates and ISPs. For example, the step that displays availableWe rst describe our methodology to query a subset of street ad-

ACM SIGCOMM 23, September 10 14, 2023, New York, NY, USA

broadband plans after inputting the street address takes less than 30 dresses and ISPs to curate the broadband a ordability dataset. We
seconds for AT&T but 60 seconds for Spectrum. Thus, we measure then describe how we selected the ISPs, cities, and street addresses
the download times for all possible templates and pause for this for data collection (Section 4.1). Next, we discuss how we addressed
period (i.e., max observed download time) before applying the user di erent ethical concerns regarding our data-collection methodol-
action. ogy (Section 4.2). Finally, we discuss the limitations of our dataset
Microbenchmarks. The two crucial performance metrics of BQT ~ (Section 4.3).

are hit rate and query resolution time. The hit rate informs the .

fraction of total queried addresses for which we are able to obtain 4.1 Data Collection Methodology

a response from a particular ISP BAT successfully. As shown in Inthe US, seven ISPs serve approximately 90 million street addresses
Figure 2, our hit rate for all ISPs exceeds 80%; we achieve the highest(87% of the total US census block&}][ Through our data usage

hit rate of 96% for Cox and the lowest for Spectrum (82%). Such agreement with Zillow B5, we have access to about 104 million
high hit rates across all ISPs ensure that BQT is able to extract plan residential US street addresses. Note that while this database does
information for the majority of the addresses. Our investigation  not represent every US address (it is comprised of addresses that
into the instances where BQT encounters failures reveals that the had a transaction during a speci ¢ period), it encompasses a very
primary cause is the denial of connectivity by the IP proxy service. large subset. Further, compared to alternative address datasets,
Furthermore, some ISPs classify certain requests as originating from such as the National Address Database (NAB} [o ered by the

data centers due to IP addresses, resulting in service denial and US Department of Transportation, the Zillow dataset o ers more
subsequent failures. If we re-run the addresses that previously failed, complete coverage and is less noisy. Speci cally, it includes nearly
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