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Abstract

We explore the pattern and evolution of the rapidly changing landscape of con-
sumers’ wired and wireless telecommunications choices with a model that extends the
traditional (node-to-node) demand structure. We then empirically estimate a consumer
choice model using household-level observations from 2003-2010. Households that are
more affiliated with their domicile are more prone toward wireline services while more
“on the go” households are more attracted to wireless telephony. The estimations in-
dicate that subscription to wireline and wireless telephony are substitutes rather than
complements. Finally, the quality convergence in wireless and wireline services has
contributed significantly to shifts in consumers’ telephone portfolios.
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1 Introduction

The emergence and rapid proliferation of wireless telephony and broadband service have
introduced the most dramatic transformations in the telecommunication industry since the
invention of the telephone in 1876. When Ameritech first introduced cellular service in the
United States in 1983, however, few would have imagined its explosive growth potential.
After all, the first wireless phones were large, weighing over two pounds each, and airtime
prices were nearly $1 per minute.! Yet by 2012, the technology had improved significantly
and the prices of wireless handsets and subscription services had fallen dramatically. The
result: over 300 million wireless subscribers in the U.S. alone and roughly 6 billion wireless
subscribers worldwide.2 Over 30 percent of all U.S. households today are wireless-only.?

The rapid pace of consumer demand, technology and public policy changes in this indus-
try has raised a number of important questions that economists have only recently begun
to address. Prominent among these questions is how the presence of wireless telephony af-
fects households’ choices as they seek to have their communications needs met. Insights into
this question promise, in turn, to shed light on a number of current economic policy ques-
tions, including whether wireline and wireless services are better described as complements
or substitutes, whether traditional public policy efforts to promote wireline subscription to
the public switched network are necessary in light of the rapid wireless services adoption,
and whether competition between wireline and wireless platforms is sufficient to warrant
a “light-handed” approach to industry regulation. Additionally, the emergence of wireless
technologies also raises broader questions regarding the potential for improved efficiencies in
specific industries, such as health care, education, insurance, agriculture and fishing, as well
as to the broader economy.*

Two threads of economic research have emerged which provide some assistance in ad-
dressing the issue of household telephony choices in an environment that includes wireline
and wireless options. The first is a rich literature on the demand for wireline telecommunica-
tions.> The second is a more recent literature on the diffusion of wireless telephony.® While
both research threads are informative, neither captures the rich evolution of consumers’ de-
cisions regarding their telecommunications portfolios over the past decade. In particular,
given the dramatic evolution of wireline and wireless services, natural questions arise regard-
ing the economic motivations driving adoption when consumers now have multiple options
to satisfy their communications needs, including wireline service only, wireless service only,
both wireline and wireless services, and neither wireline nor wireless service.

1Mayo and Woroch (2010).

*International Telecommunication Union (2012).

3See Blumberg and Luke (2011). Following their terminology, we refer to “wireless® as what alternatively
is termed “mobile”, “cell”, or “cellular” service.

1For industry-based studies of the impact of advanced telecommunications, see, e.g., Brown and Goolsbee
(2002), Jensen (2007} and Aker (2010). See Réller and Waverman (2001) for a study of the macroeconomic
consequences of the deployment of advanced telecommunications.

5For a detailed review, see Taylor (2002).

8Vogelsang (2010) provides a thorough review of the diffusion of wireless telephony, including studies
using microdata from the early 2000s that seek to estimate evidence of consumer substitution across fixed
(wired) and mobile (wireless) services. See, e.g., Rodini, Ward and Woroch (2003) and Ward and Woroch
(2010). For a literature survey of economic issues related to the wireless telephone industry, see Gans, King
and Wright (2005).
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In this paper, we take a step toward understanding the evolution of telecommunica-
tions demand in the context of an environment in which consumers face a portfolio-choice.
We do so by first developing a simple model of household choice for alternative platforms
that satisfy their communications needs. One alternative is a high quality wireline platform
that provides telecommunications services between wired nodes, but is incapable of providing
communications for consumers who are not physically located at such nodes. Another choice
is (initially) a lower quality wireless platform, but offers consumers the ability to communi-
cate while away from the wired nodes. Other household choices include the selection of both
platforms or neither platform. Qur model provides insights into the household and network
characteristics that are likely to arise as key determinants of the choices that households
make regarding how to satisfy their communications needs. We also explore conceptually
the implications and interpretations of consumer patterns of substitution across platforms
in the face of alternative prices. This approach allows us to frame an empirical analysis that
explores both non-price and price determinants of demand, including the substitutability or
complementarity of wireline and wireless services.

Given this model, we then draw upon a large and unique survey of household-level com-
munications platform choices over 2003-2010 to empirically model households’ decisions to
adopt wireline services, wireless services, both services, or neither service. The estimations
provide consistent support for the conceptual framework. In particular, households whose
characteristics indicate spatial mobility of household members are significantly more likely
to gravitate toward portfolio choices that include wireless telephone service. And conversely,
households whose characteristics signify greater attached to their homes are more attracted
to wireline telephone service. Our empirical analysis also provides strong evidence that
wireless telephony has become a close substitute for wireline telephony over the 2003-2010
period.

2 A Model of Consumer Choice in a Wired and Wire-
less Environment

2.1 Substitution Patterns: Nonprice Considerations

Consumers’ demand for telecommunications services is a consequence of the desire both
to be able to transfer information (i.e., voice, data or video) to others and to be able to receive
information from others when sufficiently spatially separated to make direct communications
difficult. Historically, telecommunications has been available only at fixed (wireline) nodes, so
telephone calls from one consumer to another were characterized by exact physical locations.
Within this context, models of telephony demand emerged in the 1970s. Over time these
models have sought, for example, to capture the essence of network externalities [e.g., Rohlfs
(1974)], to model consumer demand in the presence of multiple nonlinear pricing options [e.g.,
Train, McFadden and Ben-Akiva (1987)], and to model the role that local and long-distance
service boundaries and pricing play on telecommunications demand [e.g., Martins-Filho and
Mayo (1993)].

While advancing understanding of the demand for traditional telephone services, these
models have not typically allowed for consumer preferences to reflect a desire (or an ability)
to communicate away from fixed nodes. That is, communications demand was driven by
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the utility of a consumer i, located at node A, to communicate with another consumer
4, 5 = 1...m, located at N;, by either making or receiving telephone calls between ¢ and
j.7 The emergence of wireless telephony, however, provides the opportunity for a broader
description of consumer demand. In particular, while consumers may retain the demand
for N; to N; communications, they may also gain utility from being able to reach other
consumers who are not at a wireline node. Similarly, a consumer ¢ may also gain utility from
the ability of another consumer j to reach her while she is away from her node.?

Thus, if we let N;N; represent calls (or the prospect of calls) between consumers ¢ and j
that originate at [V;, the utility of ¢ in a wireline-only world can be fully characterized by:

u = Zu(NiNj) + ) u(N;N). (1)

=1

Allowing for the possibility of wireless communications, we can now represent a consumer
1’s utility from telecommunications services more fully by:

U = Zu(N,:Nj) + u(N;N;) + Zu(Nin) + ZU(H/‘M) + ZH(W;WJ)
i=1 i=1 j=1 =1 =1
+ D u(NWa) + ) w(WiNe) + 3 u(W,;Wi)? @)
J=1 i=1 i=1

where the Ws represent communication using wireless technologies.

Two features of wireless services point toward a more nuanced specification of eq. (2).
First, while in theory wireless telephony may provide ubiquitous calling, in practice wireless
networks may not be sufficiently developed to provide communications services throughout
a consumer’s relevant region.’? Thus, if we let A, 0 < X < 1, represent the proportion of a
region served by wireless providers, we can more accurately represent eq. (2) by discounting
the utility afforded from wireless calling to and from areas in which wireless coverage does
not exist. Second, provided that coverage does exist, the wireless transmission quality may
be lower than that of wireline telephony. This lower quality may be due to either inadequate
infrastructure development in a nascent {or even mature) wireless network or physical chal-
lenges caused by manmade or natural topography. Such reduced transmission quality may

TOf course, households also may place value on the option to make or receive calls between nodes.

81t is also possible that wireless service may not only afford mobility, but also enhance communications
services breadth. This would happen, for instance, if wireline broadband service was unavailable while
broadband service was available via wireless technologies.

“We follow the convention first established by Rohlfs (1974, p. 20} in assuming that interrelationships
between the demand for telecommunications services and other non-communications services purchased by
consumers can be ignored. Similarly, we eschew (for the moment) a discussion of the effects of pricing on
consumption patterns. We return to this below, however, in Section 2.2.

18The size of the relevant region depends on the geographic scope of a consumer’s calling patterns. In
some cases, virtually all of a consumer’s desired calling is within a small geographic area. In other cases,
however, it may be quite large. The potential lack of ubiquity regarding wireless networks holds regardless.
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be in the form of increased dropped calls, slower data transmission, or the like. Thus, letting
¢, 0 £ 6 < 1, be the quality discount of wireless service relative to wireline service, we then
specify:

W = (1—M)(1— &)W, and

W; = (1-A)(1 - &)W, (3)

where W and W} represent the ubiquity- and quality-adjusted level of wireless services
available to consumers ¢ and j, respectively. Substituting eq.(3) into eq. (2) gives:

o D uNN) 4 SO UMM + S uN;) + SOuWEN) + 3 W)

S UMW) + Y uWEN) £ 3 u (W w) @

1 =1 =1

NgE

i

For consumer 7, the incremental utility associated with subscribing to wireless service

depends on: (a) whether consumer 7 has a demand to communicate with other consumers

(j = 1...m) while ¢ is away from his node; (b) the probability of consumer i being at

his node at the time that ¢ to j communications is desired;'! {c) the ubiquity of wireless

coverage; (d) the quality of wireless service relative to wireline service; and (e) the utility to
consumer ¢ of being reachable by the other consumers j when 4 is away from his node.

2.2 Substitution Patterns: Price Considerations

Turning to the effects of pricing on consumer substitution, our goal is to determine the
economic relationship between wireline services and wireless services. In particular, we seek
to determine whether access to wireless service serves as a complement to, or substitute for,
access to wireline service. As such, the central questions are ones of consumers’ responsive-
ness to pricing changes in nodal wireline services (V) and wireless services (W). Wireline
telephone service is typically priced as a lump-sum monthly payment with a zero marginal
price per minute of use.!? Similarly, wireless telephone service pricing plans most typically

11We abstract away from the potential for households to gain utility from asynchronous communications
such as voicemail, email, video and file transmissions that are not received simultaneously. We also implicitly
assume that the wireless device is “turned on” while individuals are away from their nodes rather than
receiving a message and subsequently returning the call at a later time. Incorporating these considerations
would involve discounting the utility from fully contemporaneous communications without any harm to the
basic approach we adopt here. We also abstract away from the distinction between the called party being
at her node from the called party being at any wired node. In our empirical analysis, however, we account
separately for these possibilities.

12We set aside here the rather de minimis portion of consumers who subscribe to local wireline telephone
service on a usage basis.



incorporate allowances for a number of minutes that have a zero marginal price as long as
the consumer’s usage does not exceed the allowance. In these circumstance, the consumer’s
subscription will depend on a comparison of the monthly subscription fees of wireline and
wireless services to the amount of consumer surplus enjoyed from wireline and wireless usage,
after consumers have paid their respective monthly fixed charges.!3

Across the various options for consumers to satisfy their telecommunications needs, let
F; v, represent the monthly access price paid by consumer i for consumption bundle ¥y,
k = 0...3. With the introduction of a wireless service option, consumers face a portfolio
choice:

(1) The household chooses to not subscribe to either wireline or wireless service - ¥;
(2) The household chooses to subscribe to only wireline service - ¥yq;
(3) The household chooses to subseribe to both wireline and wireless service - ¥y; or

(4) The household chooses to subscribe to only wireless service - ;.

Consumer decisions among these choices will be driven by a consideration of the utility
associated with these four mutually exclusive options and the relative prices imposed by
each. If we let M, represent household income, individual consumers can be seen to choose
Uy, over alternatives ¥, (U, # ¥,) whenever:

u(We; M — Pig,) > wi(¥,; M — Py,), for all 2. (5)

Normalizing consumers’ utility by the “outside good” (“off-the grid”) option, and letting
utility depend both on a deterministic component u and unobservable variations in utilities
vy and v that vary across decision-making units, we can specify:

up = (0, the utility derived when the household chooses to remain “off the grid”;

uy = pn + VN = XnBn — aPx + vy, the utility from wireline-only subscription;  (6)
uw = pw + vw = XwfPw — aPy + v, the utility from wireless-only subscription;
uyw = uny +uw + I' = pun + pw + vy + vy + T, the utility from wireline and

and wireless subscription;

where X is a standard set of explanatory variables, a and 8 are vectors of parameters to be
estimated and I is the incremental utility from consuming both services rather than either
one separately. Following Gentzkow (2007), we specify:

I'= (uyw — uw) — (un — uo) (7)

which measures the extent to which the consumer enjoys added utility of nodal wireline ser-
vice if wireless service is also consumed. In this model, the utility associated with subscribing
to both services is therefore not the simple sum of utility for each one. When I' > 0, there is
a “bonus” utility from subscribing to both services, and so indicates a complementarity from

13Gee Taylor (2002).



joint consumption. When I' < 0, some utility is lost relative to the simple sum. Provided
there is still a net gain from adding the second service, it is consistent with substitutabil-
ity of the services. For these reasons, we follow Gentzkow (2007) and state that wireline
service is a substitute for mobile service if and only if I' < 0. Similarly, wireline service is
a complement to wireless service if and only if ' > 0. If I’ = 0, the services are independent.1*

For any given decision-making unit, let 7;, j = N, W represent the probability of choosing
either nodal wireline service N but not wireless service or choosing wireless service W but
not nodal wireline service, and let myw be the probability of choosing both wireline and
wireless service. The probability of choosing no service 7 is linearly dependent and can be
determined by examination of the other probabilities. Assuming that consumers maximize
utility, the probability that a consumer will choose one of the four options is:

Ta

= [ I{u; > g, u; > uk, u; > unw }dF (V) — the probability of the j** service alone

14

wherej # k,

TNW = / Hunw > ug, unw > un, unw > tuw pdF(7) — the probability of both services,
v

g = / I{uo > uy,up > uw, g > unw tdF(7) — the probability of neither service. (8)
7

To generate insights into the degree of substitutability or complementarity of consumers’
demand for wireline and wireless services we explore how the probabilities in equation (8) are
affected by variation in the prices of wireline and wireless services. In this regard, we focus
on the (subscription-based) quantities of wireline services (Qny = mx + myw) and wireless
services (Qw = 7w + maw). We can then define the economic relationship between nodal
wireline and wireless services as:

7

% 0 — Wireline and wireless services are independent,
N

OQw - : : .

Pu > 0 — Wireline and wireless services are substitutes,
N

IQw . . :

P < 0 — Wireline and wireless services are complements. (9)
N

Figure 1 shows this relationship visually and demonstrates the critical role played by
I". This figure depicts the demands for wireline and wireless services in utility space.'®
As driven by the utilities depicted in eq. (6), consumers choose among the four depicted
portfolio choices. Consider panel {a), which depicts the situation in which wireline and
wireless services are independent. In this case, an increase in wireline service price will cause
a marginal consumer {shown as j) to switch from purchasing the NW bundle to purchase

14For a formal proof, see Gentzkow (2007).
I5Figure 1 is an adaptation of Gentzkow (2007) to the case of nodal wireline and wireless services.



Wonly.'® It also results in some marginal consumers (shown as k) to switch from N only to
the outside option of no telephone service. Notice, however, that the change in the price of
N has no effect on the demand for (i.e., subscription to) W, hence the independence of the
Services.

Next consider panel (b}, which depicts the situation in which wireline and wireless services
are complements (I' > 0). Given equation (6), the boundaries between consumers’ portfolio
choices are shown as heavier-shaded lines. Given a price increase in N, marginal customers
designated by j and & react as described previously. But there are now other marginal
consumers designated as o for whom an increase in the price of N is met with a switch from
consuming both services to consuming neither service. In this case, the decrease in mwyw
exceeds the gain in my. Thus, %%% < 0 and T > 0 keynotes complementarity between N
and W.

Finally, consider panel {c), which depicts the situation in which wireline and wireless
services are substitutes (I' < 0). In this case, a price increase in N leads to three sorts
of switching. Some consumers of N, such as k, shift to consume neither N or W. Other
consumers of IV, such as j, who previously consumed both services now consume W only.
Still other consumers of N, such as o, who previously consumed only N switch to W only.
In this case, the decrease in myw will be smaller than the increase in my, so %‘i% > 0 and
the services are considered substitutes.

3 Empirical Setting and Data

To estimate consumer decisions regarding their portfolio of telecommunications choices,
we begin with a unique micro-level database assembled by the National Center for Health
Statistics (NCHS), which operates as part of the Centers for Disease Control (CDC). NCHS
administers the National Health Interview Survey (NHIS) annually as the principal source of
information on the health of the U.S. civilian non-institutionalized population. Interviewers
visit 35,000-40,000 households and collect data on roughly 75,000-100,000 individuals annu-
ally.'” Our data are over the 2003-2010 period, with nearly 25,000 households surveyed each
year. As shown in Appendix A, NHIS-surveyed houscholds generally track U.S. population
demographic characteristics closely.!® Households are queried in this survey regarding their
subscription to wireline and wireless telephone services. Of particular interest are questions
about whether the household has no telephone, a wireline telephone only, a wireless telephone
only, or a wireline telephone and (one or more) wireless telephones.

While the public use portion of the data are helpful, the specific locations of surveyed
households remain confidential. By application to and approval from the NCHS, we gained
access to the confidential household data maintained at a secure facility in Hyattsville,
Maryland. Using household-level geocodes, we are able to link the NHIS survey data to

16We consider here the case of a price change for wireline service. A similar construction for wireless price
changes is straightforward and, therefore, omitted.

1"For a detailed overview, see http : / /www.cde.gov/nchs/nhis/about_nhis.htm.

18Ty provide additional assurance that our empirical analysis is not unduly affected by the sampling
methods of the NCHS, we employ the sampling weights established by CDC as a robustness check to the
estimations we report in Section 4. The results we report are substantively unchanged by the application of
the sample weights.



location-specific data from several public data sources, including the Federal Communica-
tions Commission, the United States Census Bureau, the United States Bureau of Labor
Statistics and the United States Department of Agriculture. We describe these other data
sources below.

3.1 Data Overview and Summary Statistics

The combined dataset for empirical analysis includes 189,616 observations over the 2003-
2010 period. Table 1 provides summary statistics on households’ subscription to wireline
and wireless services, while Figure 2 shows the evolution of households’ portfolio choices
over time.!® Several characteristics of households’ portfolio choices are noteworthy. First,
the proportion of households not subscribed to any telephony service is small (about one
percent) and remains so throughout the sample period. Second, the proportion of households
subscribed exclusively to wireline service decreased dramatically from roughly 49 percent in
2003 to just over 12 percent in 2010. Third, the corresponding share of households subscribing
exclusively to wireless telephony grew over the sample period from roughly four percent in
2003 to approximately 31 percent in 2010. Finally, households subscribing to both services
grew at the beginning of the sample period from 46 percent to a peak of 61 percent in 2007
and has subsequently declined to 55 percent in 2010.

The data also reveal important subscription pattern differences by household income.
Figure 3 shows the evolution of telephone portfolio choices for households that are below
the poverty thresholds in each year. By 2010, the share of poor households subscribing
to wireless services only (around 44 percent) was significantly higher than the share of all
households subscribing to wireless services only (around 31 percent). Similarly, by 2010 poor
households subscribed in larger proportions to wireline service only (roughly 20 percent) in
comparison to all households (roughly 12 percent).

Finally, the data point to important changes in telephone portfolio choices by household
age. Figure 4 shows that the movement to wireless-only consumption has been particularly
dramatic for young households (household members less than 31 years old) over the 2003-2010
period. In 2003, nearly 13 percent of young households subscribed exclusively to wireless
services and over 85 percent subscribed to either wireline service only or both wireline and
wireless services. But by 2010, over 70 percent of young households subscribed only to
wireless service, while the share subscribing to wireline only had fallen to under four percent
and the share subscribing to both services had fallen to roughly 23 percent.

3.2 Variables

Our effort to capture variations in observed household telephone portfolio choices focuses
on four categories of variables. First, based on the Section 2.1 discussion, we include variables
that are designed to capture the degree to which household members are affiliated more
closely with their domicile (node), or alternatively are considered more mobile. Second,
we incorporate measures of the respective prices of wireline and wireless telephone service,
along with measures of household income. Third, we include measures that seek to capture

19The data shown in Figure 2 are unweighted. Weighted observations yield essential the same pattern as
what is reported here.



the wireless telecommunications quality relative to the wireline network. Finally, we include
measures to account for demographic characteristics of households. We provide a general
overview of these variables below, but a more detailed set of variable definitions and sources
is provided in Appendix B.

Nodal Variables Several variables are included to capture the degree to which household
members are more (less) closely affiliated with their nodal domicile. Because older households
typically spend a greater proportion of their time at home,?® we include several age-related
variables. We first account for whether the household includes a retired individual (Retired
Household).?! We next account for whether the household consists solely of individuals under
age 31 ( Young Household), between ages 31 and 45 { Young-Middle Household), between ages
45 and 64 { Older-Middle Household), or over age 64 (Older Household). We expect that older
or retired households will be more closely affiliated with their node and will therefore be
more prone to subscribe to wireline service than wireless service. Conversely, we expect that
younger households will be attracted in greater proportions to wireless service, as it enhances
their abilities to communicate while being “on the go”. While more mobile lifestyles among
younger households may be thought to create greater attraction to wireless telephony than
older households, it is also possible that older consumers are leary of “new” technologies,
and will remain loyal to wireline telephony longer than younger households. To account
for this potential, we also account for whether an older household is also wealthy { Wealthy
Retired Household). We expect that wealthier elderly households will be more mobile and
less intimidated by new technologies, thereby enhancing wireless telephony subscription.

We also account for household nodal demographics by including measures of whether
the household has children (Children) and whether any children are students (Student).
Our expectation is that parents place high priority on “anywhere, anytime” communications
with children and students, and will accordingly have enhanced demand for wireless services
relative to households without children and students. At the same time, children and students
create greater attachment to the family domicile, so we also expect that children and students
will create a greater propensity for the household to subscribe to wireline service.

A unique feature of our data is that it includes measures of the health of household
members. To take advantage of this information, we account for potential health-related
impacts on households’ telephone portfolio choices. In particular, we account for households
that have a health-impaired youth ( Limited Youth) or health-impaired adult (Limited Adult).
Our expectation for the former is that such households have a greater demand for “anywhere,
anytime” communication and will therefore be more inclined to include wireless telephony in
their portfolio, while our expectation for the latter is that such households have a stronger
nodal presence and corresponding need for wireline service.

We also account for the working status of the household via several variables. We first
account for the ratio of household members employed outside the home (Ratio Working).
We suggest that work-related matters take household members away from their domicile,
making nodal wireline service less attractive and wireless service more attractive. We also

20Bureau of Labor Statistics (2011).

21'We alternatively substituted this variable with one that accounted for whether the surveyed household
included a2 member that draws Social Security benefits. There was virtually no change in the subsequent
empirical results.
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account for whether any household member is employed part-time (Part-time Employed).
Given the mobile nature of such households, we expect that part-time employment will be
associated with an enhanced propensity to subscribe to wireless service. But a household
member that is only employed part-time signals greater attachment to the domicile, and
therefore likely enhances wireline service demand. We also account for whether a member of
the household has self-identified as a housewife { Housewife) to examine whether this creates
a greater nodal presence and, hence, attraction to wireline services.

Given the efficiency gains from the wider reach [c.f.,, Jensen(2007)] and the security
benefits of mobile telephony in rural areas, we include a measure of the degree to which the
household is located in more sparsely populated areas. In particular, we include a variable to
capture the population density of the county within which the household resides ( Population
Density). We expect that for a given wireless infrastructure quality level, the propensity of
rural households to subscribe to wireless telephony will be enhanced.

Finally, we account for domicile ownership using an indicator variable that differentiates
between households that own their home versus rent (Own House). Our expectation is that
ownership signals greater nodal attachment, with a corresponding increase in the propensity
toward wireline telephony services.

Price and Income Variables Prices are at the heart of demand theory. Accordingly, we
include measures of the individual prices of wireline and wireless services. To capture vari-
ations in wireline service prices, we begin with 2002 data on the basic flat monthly charges
by wire center throughout the U.S.%* Because the areas served by wire centers are not typi-
cally contiguous with county boundaries, we use population weights within individual wire
centers to construct a weighted price by county for residential landline service throughout
the U.S. To update these data for the larger sample period, we utilize the Federal Com-
munication Commission’s (FCC) “Reference Book of Rates, Price Indices, and Household
Expenditures for Telephone Service” {Reference Book). In particular, the Reference Book
reports the results of an annual survey of local monthly fixed telephone rates for 95 cities
located throughout the U.S. The year-to-year values of Pearson correlations for prices in
these cities are very high, averaging .96 across for the relevant time period, indicating that
the principal source of wireline rate variation is captured by our spatial disaggregation of
prices at the sample period beginning. Accordingly, Wireline Price is updated by the values
of Consumer Price Index {CPI) for local exchange service for the 2003-2010 period.?

We also include the price of wireless telephone service subscription. While numerous
wireless subscription plans exist, they most generally entail a flat rate charge for a “bucket” of
minutes. For consumers whose usage levels remain within the purchased bucket, the price can
be taken as the average monthly expenditure for the service. Data on the average monthly

22These data were graciously provided to us by Greg Rosston, Scott Savage and Bradley Wimmer, See
Rosston, Savage and Wimmer (2008) for a detailed description of these data. While many local telephone
companies offer local measured service in which customers pay a smaller monthly subscription charge and
(after a cail or minute allowence) pay a merginal charge per minute or call, industry sources report that
the percentage of customers who avail themselves of this option is de minimus. Accordingly, we focus on
consumers’ choices based on variations in flat monthly rates. For a detailed study of the economics of such
optional calling plans, see Miravete (2002).

BRobustness checks of our estimations that employed alternative price measures, such as measures of
annual telephone CPI variations or CPI ratios for local and wireless telephone service, gave results that are
very similar to those reported below.
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revenue per user (including roaming charges and long distance toll calling) were provided
to us by the Cellular Telephone and Internet Association (CTIA). We rely upon Wireless
Industry Indices, a semi-annual survey conducted by CTIA of its member companies. In
the survey, data were received by companies representing over 95 percent of all U.S. wireless
subscribers, and are provided for the 2003-2010 period. While wireless prices are typically
geographically invariant, state and local taxes impose spatial variations in the prices paid by
consumers in different locales. To capture these variations, we incorporate state and local
tax data provided by the Committee on State Taxation (COST). The data are derived from a
series of studies conducted by COST, beginning in 1999 and repeated thereafter every three
years (i.e., 2001, 2004, 2007 and 2010),%* which report the prevailing state sales tax rate
inclusive of general sales taxes. Local tax rates for each state were taken to be the average
between those imposed in the largest city and the capital city. Federal taxes were reported
separately. Any flat fees (e.g., 911, Universal Service Fund) were converted to percentages
based on average monthly residential bills. In the first two reports, a single tax rate was
provided that blended the state and local taxes applied to wireline local and long distance
service, and mobile service. In later reports, taxes levied specifically on wireless service were
reported separately. After incorporating state and local taxation variations, our measure of
Wireless Price entails both spatial and inter-temporal dimensions over the relevant period.?

As is common in modern demand estimation, we consider the potential endogeneity of
prices which in our case may most directly be thought to arise either from omission of
relevant exogenous variables {or product characteristics) or from a causal feedback from
observed demand on prices. In the case at hand, however, potential endogeneity concerns
are tempered somewhat by two considerations. First, while a common source of endogeneity
bias arises from the omission of relevant independent variables our model includes a wide-
ranging and substantial number of explanatory variables that may reasonably be thought
to collectively mitigate this source of endogeneity bias. Second, in our case feedback from
observed demand on prices is mitigated by the particular price-setting mechanisms in the
telecommunications industry. Specifically, wireline prices are determined by the regulatory
process, which in large part is driven by supply-side (cost) considerations. This is most
obviously true for traditional rate-base/rate-of-return regulation. It is also true, however,
for price cap regulated firms, whose initial prices under price cap regulation were most often
set by existing rates that were established under rate-of-return regulation. Subsequent price
changes under price cap regulation have most typically been driven by changes in measures of
general inflation (e.g., the CPI) and productivity changes, neither of which tends to be driven
by market demand. Similarly, geographic variations in the price of wireless telephony are
captured by variations in state and local tax differences, which are, again, not driven in any
obvious way by market demand and are exogenous to the carriers. While these considerations
ameliorate endogeneity concerns, as described below we nonetheless incorporate econometric
methods based on Rivers and Vuong (1988) and Petrin and Train (2010) to assure the
integrity of the parameter estimates and their corresponding statistics.

Drawing on the NHIS survey data, we also include measures of household income. House-
hold income is categorized relative to an annual poverty threshold using four dichotomous

24See COST (2002, 2005) and Mackey (2008, 2011).
25We examined alternative constructions of the wireless price variable in the estimations reported below
with essentially no substantive differences from those reported here.
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variables. Household income below the poverty threshold (/ncomel), between one and two
times the poverty threshold (/ncome2), between two and four times the poverty threshold
(Incomed), and more than four times the poverty threshold (Income4) are relevant cate-
gories.

Quality Variables Consistent with Section 2, we seek to capture both intertemporal and
geographic variations in the relative quality of wireline and wireless services. Given that
wireline service has been engineered to very high levels with de minimis blocking rates
over our sample timeframe, we principally focus our efforts on quality variations in wireless
services. Wireless service quality is affected by both topographical characteristics of the local
calling area and the extent of infrastructure build out. We accordingly gathered data from the
United States Geological Survey (USGS) on the extent to which the hilliness or mountainous
nature of the local terrain may impair wireless communications quality. Mountainous is
coded on a 21 point scale ranging from flat plains (1), to open low hills (13), and to high
mountains (21). We also account for the provisional challenges of high quality wireless
service poised by large bodies of water, and accordingly gathered data from the United
States Department of Agriculture (USDA) to account for the percentage of the household’s
county that is water ( Water).

As noted in Section 2, the quality of wireless services may suffer either from lack of
geographic coverage or from insufficient capacity relative to demand (leading to dropped
calls). Wireless industry infrastructure grew significantly over the 2003-2010 period, with
corresponding increases in the ubiquity of coverage and call quality. To capture this variation,
we include a measure of the number of cellsites deployed over time (Celisites).?

Finally technological changes over the past decade have brought notable changes to the
versatility (quality) of wireline telephony. Specifically, during the first decade of the 2000s,
wireline broadband was increasingly deployed across the United States. Concurrent with the
deployment of wireline broadband, providers of both telephone service and cable television
began to introduce bundled offerings of these services with high-speed internet access.?” To
account for the potential demand effects of this increased versatility of the wired connec-
tions into households, we introduce Wireline Broadband which measures the proportion of
households within a state over time that subscribe to wireline broadband services.®

#1n the initial years of cellular telephony, cell sites were typically large stand-alone towers. Over time,
providers have deployed quality and capacity enhancing antennae on large buildings, utility pcles, water
towers, etc., so that “towers” are no longer the most accurate measure of wireless capacity. We therefore
draw upon a broader measure of cell sites made available by CTIA, which includes repeaters and other
cell-extending devices but excludes microwave hops. Because the specific cell site locations are proprietary,
we are unable to account for their geographic distribution. More recent deployments of wireless repeaters
and antennae have greater coverage and capacity-enhancing characteristics than earlier vintage deployments.
Also, wireless network capacity depends upon the “back-haul” capacity of cell sites which caxry wireless traffic
to the landline network. Increasingly, such “back-haul” is provided by high-capacity fiber which dramatically
inereases the ability of specific cell sites to handle larger volumes of voice, data and video traffic. Accordingly,
our count of cell sites may underestimates the actual wireless capacity and quality increases over time.

27See Prince and Greenstein(2011)

28 As a robustness check, we also drew directly on state-level data collected by the FCC over the 2008-2010
period on households that explicitly subscribed to wireline telephony as part of a bundled offering. The
results of this alternative estimation are substantively invariant to those reported in Section 4 below, but
involve sacrificing approximately 100,000 observations over the 2003-2007 period. Acordingly, we report our
the estimations using Wireline Broadband in Section 4 below. In addition to our measure of wireline broad-
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Demographic Variables Finally, the existing literature has identified a number of demo-
graphic characteristics that affect the likelihood that households subscribe to the “telephone”
network. Riordan (2002) surveys this literature, and also independently verifies several de-
mographic factors as contributing to households’ propensities to subscribe to wireline service.
We accordingly account for households’ racial composition { White, Black, Hispanic, Asian,
Indian, and Chinese), gender composition (Female Household and Male Household), and
marital status (Divorced) as controls.

4 Estimation and Results

To provide a better understanding of consumer selection of a portfolio of available
telecommunications services, we first report correlations between household’s subscription to
wireline and wireless telephone services. The second column of Table 2 reports tetrachoric
correlations for households’ decisions to adopt wireless and wireline services, respectively.?®
These estimates represent simple correlations between households’ decisions to adopt wireline
services with their decisions to adopt wireless services (1 if “yes”, 0 if “no”). The pattern of
correlations is consistently negative: households that adopt wireless telephony are less likely
to adopt wireline telephony (p = —.53). The observed correlation is statistically significantly
different from zero at the .01 level. As seen in Table 2, moreover, this pattern of negative
correlations holds not only for the entire sample of surveyed households but also within each
sample year and across all income levels, with the largest negative correlations occurring in
the lowest income households. These negative correlations point toward the substitutability
of wireline and wireless services.

We also report the partial correlation coefficients between wireline and wireless con-
sumption, after controlling for a number of variables, including price, income, demographic
variables (Female/Male Household, Black, Divorced), nodal variables (Young Household,
Young-Middle Household, Older-Middle Household, Children, Student, Own House, Ratio
Working, Part-Time Employed, Retired Household, Wealthy Retired Household, Housewife,
Limited Youth, Limited Adult, Unrelated Adults, Population Density), and wireless telephony
quality variables (Cellsites, Water, Mountainous, Wireline Broadband). As seen in Column
3 of Table 2, the relationship between wireline and wireless consumption remains negative
(p = —.37) and is highly statistically significant {even after controlling for several other
correlates). The negative correlations again hold not only for the entire sample, but also
for each year (with the exception of 2003) and income level. Again, the highest (negative)
correlations observed are at the lowest income levels.

To parametrically investigate the empirical relationship between wireline and wireless
subscriptions, we employ several discrete choice models. In any discrete choice analysis, the
first step is to identify the available choice set. For our purposes, we assume that both
wireline and wireless services are in the choice set, as is the option to not subscribe to
any telephone service. As described in Section 2, we seek to understand the decisions of

band, we also sought to incorporate the potential demand effects of the emergence of wireless broadband.
Unfortunately both the novelty of this phenomenon and inconsistent data collection methodologies by the
FCC prohibited our use of such a measure in the estimations.

9 Tetrachoric correlations are developed for two normally distributed variables that are both expressed as
dichotomous. See Greene (2012), p. 741.
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households to adopt (or not) either wireline or wireless service.

4.1 Bivariate Probit Model

We begin with a simple specification of household decisions to adopt (or not} wireline
service and, potentially independently, adopt (or not) wireless service. The results of two
probit regressions are reported in Model (a) of Table 3. The first regression estimates house-
holds’ decisions to adopt wireline service, and the second regression estimates households’
decisions to adopt wireless service. The key assumption underlying these probit estimations
is that the decisions to adopt wireline service and wireless service are unrelated. To test
this proposition, we allow for the possibility that the error structures across these equations
are related.3’ We subsequently estimate a bivariate probit model which yokes the decision
to adopt (or not) wireline and wireless, respectively, by accounting for common correlation
(p) between the error structure in the two equations.®® The estimation results are shown in
Model (b) of Table 3, and reveal a strong negative correlation (p = —.52) in the error struc-
ture from the two equations that is significantly different from zero (p = .01). The hypothesis
of independence of these decisions is therefore strongly rejected. The negative and statisti-
cally significant correlation indicates that positive random errors to the wireless subscription
equation are associated with negative random errors to the wireline subscription equation.
Because this association is, by construction, through the error structure no causality can
be inferred. The results nevertheless strongly reject the hypothesis that these decisions are
made independently by households and are suggestive of the wireline and wireless service
substitutability.

To address the endogeneity issues mentioned above we implement Rivers and Vuong’s
(1988) two-stage conditional maximum likelihood (2SCML) estimation of the probit and
bivariate probit models. In our case, the models are estimated using the following system of
equations:

Yit = Z BiPriceis + e Xit + YmZije + €it, (10)
J=N,W

Yig = Z kj Priceg + EpXit + EmZije + €, (11)
J=N,W

where y;;: and i, are dummy variables which equal to 1 if a household is subscribed to
wireline (respectively, wireless) service at time t. Price;;; is the price faced by household i
for service j at time ¢, X;; is an k x 1 vector of demographic and nodal characteristics of
household 4 in year ¢; Z;;; is an m x 1 vector of quality variables for household 4 for telephone
option j (j = N, W) in year ¢ and ¢;; and ¢, are error terms.

Allowing for the potential endogeneity of Price;;;, we first estimate

308ee Greene (2012), p. 738.

31For an earlier application of the bivariate approach, see Augereau, Greenstein, Rysman (2006) who model
Internet Service Providers’ propensities to offer 56K service by utilizing an “X2” modem, a Flex modem,
both or neither.
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PT?;CB,;jt =1 Xy + TmZ;jt + vijt, (12)

and recover the estimated residuals 9;; from equation (12). This in turn allows us to
estimate

Y = Z BiPricejs + Xt + YmZije + Z wjlijt + €3, (13)
j=N,W J=N,W

¥ = Z ki Priceg 4 £ X + EmZije + Z 80 + E’w (14)
Jj=NW =NW

where Z,fjt is an (m + 2) x 1 matrix which includes Z;;; and two exclusion restrictions
( Telecommunications Wages, Mobile Penetration).®® Here f8;,w;, k5, 8;, j = N,W are pa-
rameters to be estimated, and 7%, T, Yk, Ym. & and &, are vectors of parameters to be
estimated. We assume that both (Xy, Z;, €, vij) and (X, Zéﬁ, €y Vige) are iid; (v,
€;,) and (vi, &) conditional on X;; and Z;;, have joint normal distributions with mean zero
and finite positive definite covariance matrices.

In this case
1, if y > ¢
i = ¥ 15
bt {0, otherwise, (15)

and

~ 17 1f g;lt* > 5:
Ly = 16
L { 0, otherwise, (16)

where ¢ and ¢ represent critical cutoff values that trigger household decisions to subscribe
to wireline or wireless service, respectively.

For the bivariate probit model we allow correlation between €;, and €,, in the second step.
That is,

6.:- . ! 0 1
(& terienxazie) > [(5). 5 1)) an

320ur exclusion restrictions seek to capture observable variables that may drive prices but which are not
drawn from the demand side. Accordingly, we draw upon measures designed to capture cost variations (and
hence indirectly prices) including a measure of telecommunications wages that varies by state and year and
a measure of the density of mobile penetration by Economic Area which also varies by year.
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where p captures the correlation in the errors across equations (13) and (14). The resulting
estimates are consistent and asymptotically normally distributed. Our asymptotic covari-
ance matrix of the 2SCML estimator is based on Rivers and Vuong (1988).3

After incorporating the interdependence of the wireline and wireless service subscription
choice and accounting for endogeneity, the bivariate probit model provides considerable
confidence regarding the overall model shown in Table 3, Model (b). A comparison of the
portfolio choices predicted by the model and those actually chosen suggests a good fit. The
model correctly predicts 68 and 97 percent of households’ portfolio decisions in the wireline
and wireless equations, respectively. The specific parameter estimates also provide insight
into the determinants of households’ portfolio choices for telephony service. The nodal
variables provide strong support for the concepts advanced in Section 2 above. In particular,
households that are more closely attached to their domicile (node) are more likely to subscribe
to wireline service and less likely to subscribe to wireless service. For example, households
with a retired household member are significantly more likely to subscribe to wireline service
and significantly less likely to subscribe to a wireless service. Other age-related variables
that characterize household members (e.g., Young Household and Young-Middle Household)
similarly reflect the greater propensity of younger and more mobile households to subscribe
to wireless service, and the corresponding decrease in the propensity of these households to
subscribe to wireline telephone service.

Households with different levels of work-related attachments to their node are found to
be attracted differentially to wireline and wireless services. In particular, Ratio Working
increases the propensity to subscribe to wireless telephony and decreases the propensity to
subscribe to wircline telephony. Households in which a member works part-time { Part-Time
Employed) are more likely to subscribe to both wireline and wireless service, in comparison
to other households. Households with a self-reported Housewife appear more more likely
to subscribe to wireline service and less likely to subscribe to wireless service, though these
results are statistically insignificant.

Households with a health-limited youth (Limited Youth) are no different than other house-
holds in their propensity to subscribe to wireline service, but as anticipated are significantly
more likely to subscribe to wireless service than other households. By contrast, households
with a health-limited adult Limited Adult are more likely to subscribe to wireline services
and less likely to subscribe to wireless services than other households. Households with
students (Student) have significantly higher propensities to subscribe to wireless telephony,
while having significantly lower propensities to subscribe to wireline service. The estima-
tions also reveal that, ceferis paribus, households in more rural areas have higher demands
for wireless services in comparison to households in more urban areas. Finally, the estima-
tions indicate that home ownership (Own House) is strongly associated with subscription to
both wireline service and wireless service.

The price and income parameters are also revealing. Consistent with standard demand
theory, Wireline Price and Wireless Price negatively [and statistically significantly (p =
.01)] impact the demand for wireline and wireless service, respectively. Beyond the own-

33See, in particular, Rivers and Vuong (1988) equations 4.7 and 4.11. Matrices incompatibility prohibits
computation of the covariance matrix for recursive bivariate probit model, discussed below, which includes
an additional explanatory variable. Nevertheless we provided estimation results from the second step and
these are largely consistent with those obtained in the other estimations.
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price impact, however, the estimations also reveal that the cross-price effects are positive
and highly statistically significant. Changes in the price of wireline service positively impact
the demand for wireless service, while changes in the price of wireless services positively af-
fect the propensity to subscribe to wireline service. The estimations indicate that consumers
view wireline and wireless telephone subscriptions as substitutes. While the nonlinear na-
ture of the estimations prevents simple interpretations of marginal effects (ME), they are
estimable.?* Specifically, recalling that Q, = ny + *aw and Q, = ™5 + Tyw, we estimate
the marginal price effects g‘gg , gﬁ;’v", gg; and %}\‘f. The results are presented in Table
4, and indicate that the own-marginal effects are both negative and statistically significant
(p=.01), while the cross-partial derivatives are both positive and highly significant (p=.01).
From equation (9), this latter result again indicates that wireline and wireless services display
substitutable rather than complementary characteristics over the 2003-2010 period.

We also find (See Table 4) that Income is an important determinant to wireline and
wireless subscription. In each case, income increments for those below the poverty threshold
to higher levels increase subscription to both wireline and wireless services. The marginal
effect of an income shift from the lowest to the highest category results in about a six percent
increase in the likelihood of wireline service subscription (p=.01) and about a 26 percent
increase in the likelihood of wireless service subscription (p=.01).

The quality and diffusion of wireless service are also found to affect consumers’ tele-
phony portfolio decisions. Cellsites is positive and highly significant (p=.01), indicating as
expected that quality improvements associated with greater coverage increases wireless tele-
phony subscription. Similarly, the diffusion of wireline broadband is seen to have enhanced
the propensity to retain wireline telephone service and stem the move to wireless service. Fi-
nally, areas with more challenging topographies, such as mountains or large bodies of water,
which reduce wireless service quality are found to reduce wireless subscription.

Among the most substantial changes in households’ telephony portfolio over the 2003-
2010 period, the shift away from “wireline-only” is perhaps the most dramatic. As Figure
2 indicates, approximately 50 percent of all U.S. households subscribed exclusively to wire-
line telephony in 2003. That percentage had fallen to 12 percent by 2010. To explore this
phenomena in more detail, we bifurcate the sample into an early period (2003-2006) and
a later period (2007-2010).35 Specifically, we decompose the aggregate marginal effects:
—%”,ﬁ = g—f}}% + %’ggt + %}%. This decomposition permits us to see how the marginal reaction
of consumers to relative prices has evolved over time. Table 5 shows the decomposition
results of the total marginal substitution effect associated with a change in the price of wire-
line service. In the 2003-2006 period, there is relatively moderate substitution directly away
from wireline services. During this period, only about one-half of the marginal substitution
from wireline-only customers was the result of households becoming wireless-only, with the
other half seemingly trying out wireless telephony but not dropping their wireline service.
By the 2007-2010 period, however, the marginal impact on wireline only households was
largely toward a wireless-only portfolio choice. That is, the dominant marginal effect to any
elevation of wireline prices in the most recent period has been for households to “cut the

34In nonlinear models with single-index form conditional means, marginal effects are calculated using
the formula ME; = gﬂzi x B;. In our case, marginal effects are calculated at mean values of independent
variables. For the bivariate probit model, we calculate marginal effects for the following probabilities:
TN, TWs TNW, T0, TW N TN|W, TN + TNW, Tw + TNw. (Cameron and Trivedi (2010)).

35We find similar patterns emerge if alternative years are chosen for this bifurcation.
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cord” and go wireless-only.

4.2 Robustness: Alternative Model Specifications

Recursive Bivariate Probit Model. Given the highly negative correlation across equa-
tions in the bivariate probit estimation, a natural extension is to model households’ decisions
jointly by explicitly conditioning wireline service decisions on wireless service decisions. To
do so, we include Wireless, a variable indicating that the household has adopted at least
one wireless telephone, as an independent variable in the Wireline equation. The resulting
model is recursive and, thereby, does not suffer from the typical problems associated with
incorporating a dependent variable as an explanatory variable in a multi-equation discrete
choice model.®® Model (c) of Table 3 provides the results, which indicate households that
have chosen wireless service are significantly less likely (p = .01) to adopt wireline ser-
vice. Moreover, the marginal impact of wireless service on the probability of wireline service
subscription is large. In particular, wireless service subscription reduces the probability of
wireline service subscription by 13.9 percent.’” Even after accounting for the direct neg-
ative impact of wireless service subscription on the likelihood of wireline subseription, the
recursive bivariate probit estimates yield the same substantive implications as those in the
bivariate model presented in Model (b) of Table 3.

Alternative Specific Conditional Logit (ASC Logit) Model. To this point, we have
permitted households’ decisions to adopt wireless and wireline telephony to be related, but
not part of a single household decision-making process. To allow for this possibility, we
estimate an alternative specific conditional logit model.3® This model is distinguished by
two features. First, it envisions households making single decisions across the full portfolio
of service alternatives. In particular, households choose simultaneously to have no service,
wireline service, wireless service or both services. Second, unlike a simple multinomial logit
model with measured variation in the characteristics across the decision-making units (viz.,
households), the ASC Logit model also incorporates measured variations in alternatives
themselves. In our case, the ASC Logit model incorporates variations in household charac-
teristics (e.g., age, income, mobility) as well as variations in specific telephone alternative
characteristics from which households may choose (e.g., quality).

This estimation requires construction of a price array that households face as they con-
sider the entire telephony portfolio. The price facing households that choose no telephone is
zero, while the price facing households that subscribe to wireline only or to wireless only is
the local wireline price and wireless price, respectively. Households considering subseription
to both services face a price equal to the sum of the wireline and wireless services prices.??

To estimate telecommunications demand when the consumer simultanecusly chooses
across multiple options and where the endogeneity of prices may create inconsistent pa-
rameter estimates, we employ the control function approach devised by Petrin and Train

36See Greene (2012), p. 745.

37For purposes of this calculation, we evaluate the right-hand side variables at their mean values.

388ee Cameron and Trivedi (2010).

3%We cannot account for any discounts afforded through bundling of wireline and wireless prices, as these
data are unawvailable.
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(2010). In particular, we assume that the utility obtained by household i from service j (j
= “No Phone,” “Wireline Only,” “Wireless Only,” or “Both™) is specified by:

uije = aPriceg + Yu X + YmZijs + €1t + €2, (18)

where all variables have the same notation as described above in the Bivariate Probit Model
section, o is a parameter to be estimated, 1 is 1 X k vector of parameters to be estimated
and 1y, is 1 x m vector of parameters to be estimated. The terms €5 and €55, represent the
decomposition of the traditional error term into a control function (e;;;) and a component
(€245¢) that is independent of Price;;. As with our bivariate probit estimations, we account
for the potential endogeneity problem that arises with correlation between price and ;.
We do this in two steps. First, as in Rivers and Vuong (1988), we estimate an equation for
the endogenous independent variable using ordinary least squares:

Prices; = Xt + T Zigy + vije. (19)

We assume that v;; and €135 are jointly normal and e€p;; is ii.d. extreme value for all j.
Residuals (9y;,) from the first stage are the used to estimate the control function in the
second stage. Incorporating the control function, the utility function is:

e = aPricey; + Y Xy + YmZije + Z Ajlsie + €5t (20)
=N, W

where the A; are parameters to be estimated. The probability that household 4 chooses
alternative j at time t is given by:

Pr(ye =j)= /I('”'ijt > Uist, V5 7 F) f (€2i)denie, (21)

where y;; represents the choice of household ¢, f(:) is the density of ez;: and I(-) is the indi-
cator function. We estimate this choice model using alternative specific logit estimation.*®

Table 6 provides the results of the ASC Logit model, which are similar to those provided
in the Bivariate Probit estimation of Table 3. The importance of both the household’s nodal
propensities as well as price and income are confirmed. The price that households face for
their respective portfolio choice is negative and highly statistically significant, indicating
that consumers are price sensitive across the various options as they consider their portfolio
of telephone services. Similarly, the nodal variable parameter estimates from the ASC Logit
model are quite similar in nature to those generated in the Bivariate Probit model, providing
reassuring robustness.*!

40Because the second stage of this estimation employs estimated residuals, we must account for this extra
variation in the development of the asymptotic sampling variance. We do so by implementing the bootstrap,
as in Petrin and Train (2010).

41Given the reliance of the ASC Logit model on the assumption of the independence from irrelevant
alternatives, we also estimated a Multinomial Probit model. Parameters from this estimation failed to reveal
any notable differences in the interpretations suggested by our other model estimates.
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5 Conclusion

The introduction of new products or services with new technologies and characteristics
presents a number of challenges to traditional demand analysis. Faced with this situation,
consumers may replace or augment their existing consumption portfolios. In particular,
the new product or service may serve as either a substitute or complement to the existing
product or service. In this regard, the advent and diffusion of wireless telecommunications
has radically altered traditional consumption patterns among consumers, creating a natural
opportunity to consider telecommunications demand with a portfolio choice lens.

In this paper, we develop an economic framework capable of capturing the pattern and
evolution of telecommunications consumers’ portfolio consumption choices. In doing so, we
provide several contributions that may serve as a platform for subsequent research. First,
we formuiate a portfolio choice framework for how households satisfy their communications
needs. Second, within that portfolio choice model, we develop a theory of why (non-price)
characteristics of households, especially related to their “nodal tendencies”, affect their sub-
sequent telephony portfolio choices. Third, the portfolio choice framework sheds considerable
light on the “substitutes versus complements” issue that underpins competition and regu-
latory policies toward the telecommunications industry. Fourth, given the window of our
data from 2003-2010, we are able to observe empirically how variations in the quality and
ubiquity of the “new service” affects consumers’ portfolio choices.

The empirical results provide considerable support for the approach that we have adopted.
In particular, we find that variations in household’s nodal characteristics serve as important
drivers of households’ portfolio choices of telephone service. Households that are more closely
attached to their domiciles are more attracted toward wireline service, while households with
more mobile lifestyles are more attracted to wireless telephony. The results also consistently
and robustly reveal that wireline and wireless services have become substitutes. Finally,
variations in the quality and ubiquity of wireless telephony are found to be important de-
terminants of wireless telephony subscription growth relative to wireline telephony over the
2003-2010 period.
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APPENDIX A
COMPARISON OF NHIS AND THE US CENSUS BUREAU DEMOGRAPHICS

General General General General
Demographic NHIS Demographic NHIS Demographic NHIS Demographic NHIS
Characteristics: | Sample | Characteristics: Sample Characteristics: | Sample | Characteristics: | Sample
July 2006 2006 July 2007 2007 July 2008 2008 July 2009 2009
SEX AND AGE
Male 49.27% 48.28% 45.29% 48.35% 49.31% 48,35% 49.33% 48.19%
Female 50.73% 51.72% 50.71% 51.65% 50.69% 51.65% 50.67% 51.81%
Under 5 years 6.82% 7.37% 6.87% 7.71% 6.91% 7.50% 6.94% 7.37%
5 to 9 years 6.58% 7.79% 6.58% 7.79% 6.60% 7.70% 6.71% 7.90%
10 to 14 years 65.89% 7.69% 6.74% 7.81% 6.60% 7.50% 6.51% 7.65%
15 to 19 years 7.12% 7.46% 7.12% 7.54% 7.08% 7.38% 7.02% 7.50%
20 to 24 years 7.05% 6.63% 6.97% 6.49% 6.93% | 6.50% 7.02% 6.19%
25 to 34 years 13.50% 13.29% 13.46% 13.31% 13.46% 13.47% 13.54% 13.15%
35 to 44 years 14.58% 14.64% 14.31% 14.44% 13.98% 14.01% 13.53% 13.89%
45 to 54 years 14.46% 14.06% 14.55% 14.14% 14.59% 14.22% 14.52% 14.28%
55 to 59 years 6.09% 5.66% 6.05% 5.54% 6.11% 5.95% 6.18% 5.91%
60 to 64 years 4.46% _4.31% __ 4.80% | 434% 497% | 4.63% 5.15% 5.05%
65 to 74 years 6.32% 6.10% 6.42% 6.04% 6.62% |_6.10% 6.77% 6.26%
75to84years 4.36% 3.77% 4.32% 3.72% 4.28% 3.84% 4.28% 3.67%
85 years and over 1.77% 1.22% 1.83% 1.13% 1.88% 1.21% 1.83% 1.18%
Median age {years}) 364 34 36.6 34 36.8 34 26.8 35
18 years and aver 75.37% 72.39% 75.50% 71.85% 75.68% 72.68% 75.72% 72.36%
21 years and over 71.18% 68.36% 71.31% 67.86% 71.43% 68.61% 71.41% 68.34%
| 62 years and over 15.08% 13.48% 15.24% 13.25% 15.41% 13.57% 15.79% 14.00%
65 years and over 12.45% 11.09% 12.56% 10.89% 12.78% 11.15% 12.89% 11.11%
18 years and over 75.37% 72.39% 75.50% 71.85% 75.68% 72.68% 75.72% 72.36%
Male 36.67% 34.25% 36.75% 33.89% 36.86% 34.33% 36.91% 34.04%
Female 38.71% 38.14% 38.75% 37.96% 38.82% 38.35% 38.81% 38.32%
65 years and over 12.45% 11.09% 12.56% 10.89% 12.78% 11.15% 12.89% 11.11%
Male 5.23% 4.80% 5.30% 4.73% 5.41% 4.77% 5.48% 4.90%
Female 71.22% 6.29% 7.26% 6.16% 7.37% 6.38% 7.41% 6.20% |
RACE
White 80.08% 66.94% 79.96% 67.29% 79.80% 66.62% 79.57% 66,15%
Black or African
American 12.81% _16.18% 12.85% 15.51% _12.85% 15.59% 12.91% 15.75%
American Indian
and Alaska Native 0.97% 0.89% 0.97% 1.16% 1.01% 1.10% 1,03% 0.81%
Asian 4.40% 6.35% 4.43% 5.88% 4.46% 6.30% 4.56% 6.41%
HISPANIC OR
Hispanic or Latino
(of any race) 14.80% 23.59% 15.08% 24.64% 15.44% 23.85% 15.77% 25.34%
Not Hispanic or
Latino Total 85.20% 76.41% 84.91% 75.36% 84.56% 76.15% 84.23% 74.66%




APPENDIX B

VARIABLES DESCRIPTION AND SOURCE

DEPENDENT VARIABLES DESCRIPTION AND SOURCE
. This variable is dichotomous, taking on a value of 1 if the surveyed household subscribed to
Wireline - . A . .
wireline telephone service at the time of the survey, and is zero otherwise.
Source: National Health Interview Survey, annual, 2003-2010.
Wireless This variable is dichotomous, taking on a value of 1 if the surveyed household subscribes to

wireless telephone service at the time of the survey, and is zero otherwise.

Source: National Health Interview Survey, annual, 2003-2010.

NODAL VARIABLES

DESCRIPTION AND SOURCE

This variable is dichctomous, taking on a value of 1 if surveyed household includes retired

Retired Household
person
Source: National Health Interview Survey, annual, 2003-2010.
, This variable is dichotomous, taking on a value of 1 if surveyed household includes member
Housewife

who keeps the house

Source: National Health Interview Survey, annual, 2003-2010.

Part-Time Employed

This variable is dichotomous, taking on a value of 1 if someone in surveyed household
works 20 hours or less

Source: National Health Interview Survey, annual, 2003-2010.

Limited Youth

This variable is dichotomous, taking on a value of 1 if surveyed household includes member
who has health limitations and under age 31

Limited Adult

This variable is dichotomous, taking on a value of 1 if surveyed household includes member
who has health limitations and above age 30

Source: National Health Interview Survey, annual, 2003-2010.

Young Household

This variable is dichotomous, taking on a value of 1 if all members of surveyed household
are under age 31

Young-Middie Household

This variable is dichotomous, taking on a value of 1 if all members of surveyed household
are between ages 31 and 44

Older-Middie Household

This variable is dichotomous, taking on a value of 1 if all members of surveyed household
are between ages 45 and 64

Older Household

This variable is dichotomous, taking on a value of 1 if all members of surveyed household
are above age 65

Source: National Health Interview Survey, annual, 2003-2010.

Wealthy Retired Household

This variable is dichotomous, taking on a value of 1 if all members of surveyed household
are above age 65 and have ratio of family income to poverty threshold above 4

Source: National Health Interview Survey, annual, 2003-2010.

This variabie is dichotomous, taking on a value of 1 if surveyed household includes only

Unrelated Adults unrelated adults
Source: National Heaith Interview Survey, annual, 2003-20190.
) This variable is dichotomous, taking on a value of 1 if surveyed household includes member
Children
under age 18
Source: National Health Interview Survey, annual, 2003-2010,
Student This variable is dichotomous, taking on a vaiue of 1 if surveyed household includes students
Source: National Health Interview Survey, annual, 2003-2010.
This variable is dichotomous, taking on a value of 1 if someone in surveyed household owns
Own House

the home

Source: National Health Interview Survey, annual, 2003-2010,

Ratic Working

Ratio of people in the surveyed household who work

Source: National Health Interview Survey, annual, 2003-2010.

DEMOGRAPHIC VARIABLES

DESCRIPTION AND SOURCE




Female Household

This variable is dichotomaus, taking on a value of 1 if the surveyad household includes only
females, and is zero otherwise.

Source: National Health Interview Survey, annual, 2003-2010.

This variable is dichotomous, taking on a value of 1 if the surveyed household includes only

Male Household . .
males, and is zero otherwise.
Source: National Health Interview Survey, annual, 2003-2010.

White This variable is dichotomous, taking on a value of 1 if the surveyed household consists of
white people only, and is zero otherwise.

Black This variable is dichotomous, taking on a value of 1 if the surveyed household consists of
Black/African American pecple only, and is zero otherwise.

. . This variable is dichotomous, taking on a value of 1 if the surveyed household consists of

Hispanic ) . . .
Hispanic people cnly, and is zero otherwise,

Aslan This variable is dichotomous, taking on a value of 1 if the surveyed household consists of
Asian people only, and is zero otherwise.

Indian This variable is dichotomous, taking on a value of 1 if the surveyed household consists of
Indian people only, and is zero otherwise.

Chinese This variable is dichotomous, taking on a value of 1 if the surveyed household consists of
Chinese people only, and is zero otherwise.
Source: National Health Interview Survey, annual, 2003-2010.

. This variable is dichotomous, taking on a value of 1 if surveyed household includes divorced

Divorced
member
Source: National Health Interview Survey, annual, 2003-2010.

Population Density Population density, county level,

Source: U.S. Census Bureau, annual 2003-2010

PRICE AND INCOME VARIABLES

DESCRIPTION AND SOURCE

Wireline Price

As discribed in the text, see p.11

Source: data was supplied by Greg Rosston, Scott Savage and Breadley Wimmer, who
collected it for the purposes of the research in Rosston, Savage and Wimmer {2008),
adjusted for years 2003-2009

Wireless Price

As discribed in the text, see p. 12

Source: CTIA's Wireless industry Report Indices, 2008

CPI for Wireless Telephone Services

Consumer price index for wireless telephone services

Source: FCC "Reference Book of Rates, Price Indices, and Household Expenditures for
Telephone Service", annual

CPi for Wireline Telephone Services

Consumer price index for wireline telephone services

Source: FCC "Reference Book of Rates, Price Indices, and Household Expenditures for
Telephone Service", annual

State and Locol Taxes on Wireless
Telephony

As discribed in the text, see p. 12

Source: The Council on State Taxation (COST}, years 2001, 2004, 2007, 2010

This variable is dichotomous, taking on a value of 1 if the surveyed household has family

Incomel income below the poverty threshold

Income2 This variable is dichotorous, taking on a value of 1 if the surveyed household has a ratio of
family income to poverty threshold between 1 and 2

Income3 This variable s dichotomous, taking on a vaiue of 1 if the surveyed household has a ratio of
family income to poverty threshold between 2 and 4
This variable is dichotomous, taking on a vaiue of 1 if the surveyed household a has ratio of

Income4 family income to poverty threshold is above 4
Source: National Health Interview Survey, annual, 2003-2010.

QUALITY VARIABLES DESCRIPTION AND SOURCE

Mountainous Land Surface Form Typography code, ranges from 1 to 21. Higher value indicates more

mountainous surface,

Source: U.S. Department of Agriculture, Area Resource File,
http://www.ers.usda.gov/Data/NaturalAmenities/




Water Percent water area in the county
Source: U.S. Department of Agriculture, Area Resource File,
http://www.ers.usda.gov/Data/NaturalAmenities/

Cellsites Number of registered cellsites
Source: CTIA's Wireless Industry Report Indices, annual

Wireline Broadband Number of residential connections over 200 kbps in at least one direction, by state
Source: FCC Internet Access Services Report, 2004-2011

EXCLUSION RESTRICTIONS DESCRIPTION AND SOURCE

Telecommunications Wages

Mean annual wage for Telecommunications Equipment and Line Installers and Repairers

Source: Bureau of Labor Statistics, Department of Labor, 2003-2010

Mobile Penetration

Mobile wireless services penetration rate in a county

Source: National Health Interview Survey, annual, 2003-2010.
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FIGURE 1
WIRELINE AND WIRELESS SERVICES
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FIGURE 2
HOUSEHOLDS WITH WIRELINE, WIRELESS, BOTH OR NONE
2003-2010
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FIGURE 3
HOUSEHOLDS WITH WIRELINE, WIRELESS, BOTH OR NONE
AMONG HOUSEHOLDS BELOW POVERTY THRESHOLD
2003-2010
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FIGURE 4
HOUSEHOLDS WITH WIRELINE, WIRELESS, BOTH OR NONE
AMONG HOUSEHOLDS WITH ALL MEMBERS UNDER AGE 31
2003-2010
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TABLE 1

WIRELINE AND WIRELESS CONSUMPTION

Whole Somple
Phone Frequency Percent
None 2,228 1.18%
Wireiing Only 56,141 29.61%
Wireless Oniy 29,831 15.73%
Both 101,416 53.48%
Whole Sample 189,616 100.00%
TABLE 2

TETRACHORIC AND PARTIAL CORRELATIONS FOR WIRELINE
AND WIRELESS CONSUMPTION

Tetrachoric Correlation Partial correlation
Full sample -0.5328* -0.3720*
Year 2003 -0.3384* 0.0507*
Year 2004 -0.4651* -0.0562*
Year 2005 -0.5196* -0.1343*
Year 2006 -0.5457* -0.2001*
Year 2007 -0.4519* -0.138
Year 2008 -0.4452* -0.1798*
Year 2009 -0.4433* -0.1888*
Yeur 2010 -0.4098* -0.2268*
Incomel -0.7187* -0.6631*
income2 -0.6836* -0.6013*
income3 -0.5724* -0.4864*
Income4 -0.3859* -0.4164*

*Significant at 1 percent.



TABLE 3
PARAMETER ESTIMATES FOR PROBIT AND BIVARIATE PROBIT MODELS

Model {a} Model {b) Mogel! (c}

Probit Blvaria;F_nr_oj_i; Recursive Bivaria robi
| VARIABLES wireline wireless | wireline | wireless wireline wireless
| Wireless -1.OB7***

{0.0328)
| Price
Wireline Price -0,0134* 0.0372%** -0.0101 0.0367*** 0.0374%*+* 1,633%%*
{0.00748) (0,00607) {0.00743) {0.00606) | } {0.00914)
Wireless Price 0,0849%** -0.0611%** 0.0826*%** -0,0611*** 0.035]%** -0,755%**
{0.00376) {0.00295} {0.003731 {0.00294) {0.00641) {0.00489)
|_Income
| Income2 -0.0108 0,242%%% -0.00989 0.240%** 0.105%** 1.703%#*
(001480} {0.01230) (0.01480} 0.01230) {0.01900} {0.01570)
income3 0.137%4% 0.550%** 0,120%** 0.546%** 0. 317%** 1.560***
{0.01380) {(0,01170) {0.01380} {0.01170) (0.01780) (0.01480) |
_mcm_ 0.260%%* O REG*%* .34 %% 0_3491:** (0,555 ** 0,51 7%%**
{0.01530) {0.01340) {0.01530) {0.01340) {0.01610} {0.01550)
|_Nodal
| Retired Household 0465 *** -0.168*** 0.439%** -0,170%** 0.486%** 2,782%**
{0.02850) {0.01820) {0.02590) {0.01820) {0.03170) (0.02360)
| Younag Household -0, 793*** 0.432%** -0,795%** 0.443%** -0.71Q%** 1.175%***
{0.01240} 0.01230) {0.01240) 0.61230) (0.01520) {0.01510}
| Young-Middle Household | -0Q,398*** 0.264*%* -0.411%** 0.266%** -(,333%** 1.436%%*
{0.01790) (£.01640) {0.01780} {001640) | {0.02070) {0.02020)
| Oider-Middle Household 0,0753*** 00751 %%* D.0530%*# 0.0684*** 0.116%** 1.627%**
{0.01660) {0.01290} {0.01650} {0,01290} {0,02000) {0.01550}
Student -0,0786*** 0,318%** -0.0617*** 0.313*4% 0.0549%* 1.864%***
{0.01990) {0.01810) {0,02000) {G.01800) (0,02400) {0,02240)
| Housewife 0.0242 -0.00908 00129 -0.00926 0.0476*** 1,125%%*
(0.01520} {0.01180} {0.01590} (0.02170) {0.01720} {0.01460)
Part-Time Emploved 0,146%*= 0,129%** D.142%4* 0,127%** 0.168%** -0,214***
{0.01340) {0.01160) {0.01330) {0.01160) {0.01390) {0,01390)
Ratio Working -0.43g%%* 0,397%*# -0.423%%+ 0,399*%** -0, 262%** 3,262%**
(0.02240} [0,01750} {0.02200} (0.01750) (0,03140} {0.02380)
Limited Youth 0.000195 0,109*** -0.00185 0,108*** 0.0302* 0,113***
{0.01510) {0.01270) {0.014901 {0.01260} {0.01550) {0.015301
| limited Adult 0.0877%++ -0.0501*** 0.0860%** -0.0495%%# 0.0913%** 118744
{0.01570} (0.011300 (0.01540) {0.01130) {0.01760) [0,01410)
Own House 0,538*** 0,101 %*# 0.528%** 0.0941%%* 0.604%** 1.043%**
{0.01040) | __{0.00895) {0.01040) {0.00897) (0.01250) {0.01130)
Children -0, 125%%* Q.A4Q4% %% -0.136%** 0.398*** £.0232 3.037***
{0,01950} {0.01580) {0.01940] {0.01580 {0.02810) {0.02170)
Wﬂﬂ’thlf Bﬁ.ﬁftﬂd HQ"SEhQId . ok Q zng**l _n 1l;n*** n 7nqlﬁ [ 1] _0‘0795** _0 0428*
{0.034700 | {0.01900} {0.03470) {0.01900) (0.03570) {0.02260)
| PopulationDensity | -06** - -Q5*** | 351e-06* -1.24e-QR*** -7.39e-06%* -0.00038 ***
{0.00000) {0.000001 {0,000001 [0.G0000} {0.0000) {0.0Q000)
| Quaiity controls
Wireline Broadbond 1.219%%* -0,3744%* 1,157%** -0,395%%# 0.695**#* -18,73%%#*
{C.09780) {0.07870} [0.09700) 10,07880) {0.15500% {0,11600)
Cellsites -2.19e-Q5*** 1.41e-05%** -2.13e- (5% ** 1.42e-05%** | -1 .68a-05*+** 0.000150%**
{0.00000) {0.00000) {0.00000) [0,00000} {0.00000) {0.00000)
| Wireline Price Residual 0.00702 -0.0304%*=* 0.00371 -0,0299%*+ -(0,0426%** -1.631***
{0.00750) [0,00609) {0.00745) {0.00608) (C.01280) 0,00914)
_Ms_mwuai -(J,0519%** 0.039]1 *** _0'0503*** D.0380*%* _0 0228* *k 0.775***
{0.00387) {0.00304) {0.00385) {3.00303) {0.006311 (0.00454}
Rho (p) -0.523*4+ 0.0784%+*
{0.00750) (0,01980)
| Demographic controfs yes ves ves yes yes yes
| Other auality controls ves ves yes ves ves ves
| Constont 1.887%%¥ -4,394%**
0,175 -0.144
Observations 185,911 185,911 185,911 185,911 185,911 185,911

*Significant at 10 percent
**Significant at 5 percent



***5ignificant at 1 percent.

TABLE 4
MARGINAL PRICE AND INCOME EFFECTS ON CONSUMER CHOICES
Wireline Wireless
Own {GCn/DPy] = -.0019%** {0Qu/OPyw) = -.0204***
Cross A= R A {00u/Pu) = 01222+
Changefrom incomel to Qy Incomed Cn Incomel _ Qu Incomed _ Qw Incomel _
Income4 0555 ** 2577*%*
***Significant at 1 percent.
TABLE 5

THE EVOLUTION OF CONSUMER SUBSTITUTION PATTERNS

[N]

(Onn/OPN)os-06 = -.0982***

[Nw ]

(Omtnw/OPn)os-0s = .0476***

(an/GPN)07.10 =-0588%** ¢ _ E—) (OT!Nw/aPN)m_m =.01368%**
S
Off-the-grid" o wl
‘\ (Omw/0PN)oa.0s = .0471%**

(Omw/0Py)o7.10 = .0489***

*The marginal impact of wireline prices on the likelihood of consumers shifting to the “off the grid® category is estimated to be

essentially zero and is not shown here.
***Significant at 1 percent.




TABLE 6

PARAMETER ESTIMATES FOR ALTERNATIVE-SPECIFIC CONDITIONAL LOGIT MODEL

VARIABLES None Wireless Both
Price -0.0139*** -0.0135*** | _0.0139***
{0.0034) {0.0034) {0.0034)
Income
Income2 -0.250** 0.171*** 0.389*%**
{0.1262} {0.0494) {0.0392)
Income3 -0.419%** 0.363%** 1.000%**
(0.21297) {0.0514) {0.0426)
income4 -0.494*** 0.507%** 1.686***
{0.1532) (0.0598) (€.0475)
Nodal
Retired Household -0.082%** -1.423%*# -0.328%**
{0.1950) (D.0959}) {0.0485)
Young Household 0.916*** 1.564*#% 0.340%**
{0.1164) {0.0546) {0.0467)
Young-Middle Household 0.626*** 0.788%** 0.322%*+
{0.1797) {0.0753}) {0.0611})
Older-Middle Household 0.128 -0.224*** 0.129%**
{0.1569} {0.0654) (0.0419)
Student -0.206 0.378%** 0.430%**
{0.2179) (0.0756) {0.0609)
Housewife -0.199* -0.27(%** -0.0845%%*
(0.1387) {0.0565) {0.0354)
Part-Time Employed -0.321 -0.0628 0.260%**
{0.1668) {0.0577) {0.0417)
Ratio Working 0.0480 0.853*** 0.369***
(0.1736) {0.0757) [0.0489])
Limited Youth -0.115 0.114%* 0.192%**
{C.1722) (0.0555) {0.0435)
Limited Adult -0.267%* -0.341%*x -0,133%**
(0.21414) {0.0605) {0.0387)
Own House -0.674%%#* 0.762%*%* 0.321%**
{0.1062) {0.0407) {0.0272)
Chiidren 0.0747 0.378%*** 0.579***
(0.1617) {0.0598) (0.0453)
Wealthy Retired Household 0.270 0.251* 0.197%*+
{0.4056) {0.1698) {0.0669)
Population Density -1,28e-05%* -2.50e- -8.56e-
{0.0000} {0.0000} {0.0000)
Quality controls 0]
Wirefine Broadband 1.368*** 0.0722 0.823%**
{0.3496) {0.1485) {0.1184)
Cellsites 6.71e-06** 3.90e- 1.14e-
(0.0000} (0.0C00} (0.0000)
Wireline Price Residual -0.0173** -0.00876"* | -0.00357**
{0.0082} {0.0045}) (0.0018)
Wireless Price Residual -0.0451** 0.000855 0.0182%**
{0.0230} (0.0085) {0.0060)
Demographic controls yes yes yes
Other Guality Controls yes yes ves
Constant -4.607%%* -8.503%** -2.737%%x*
{0.6472} (0.3638) {0.3175)
Observations 748,128 748,128 748,128

*Significant at 10 percent
**Significant at 5 percent
***Significant at 1 percent.





