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Abstract
The Communications Act of 1934 requires that the Federal Communications Commission
evaluate spectrum license transactions to assess whether they serve the public interest, convenience, and necessity. We review the FCC’s implementation of this component of the Act. We
provide a tractable economic model of competition among wireless service providers in which
spectrum licenses are a cost reducing input to providing service. This model allows us to evaluate
the eﬀects of (re-)assigning spectrum licenses on economic outcomes, including prices, consumer
surplus, and social welfare. The model also allows us to formalize the notion of “warehousing”
spectrum, which plays a role in public debate, and to define operational measures of warehousing
incentive and warehousing activity. An analysis of the Verizon-T-Mobile-SpectrumCo transaction of 2012 within the context of the model shows that the transaction increased consumer
surplus and welfare and that there is little evidence of a warehousing motive for the transaction.
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Introduction

The Communications Act of 1934 requires that the Federal Communications Commission evaluate
spectrum license transactions to assess whether they serve the public interest, convenience, and
necessity. As stated in the FCC’s review of the 2012 transaction involving Verizon, T-Mobile,
and SpectrumCo,1 “The Communications Act requires the Commission to examine closely the
impact of spectrum aggregation on competition, innovation, and the eﬃcient use of spectrum in
order to ensure that any transfer of control serves the public interest, convenience, and necessity.”
(Verizon-T-Mobile-SpectrumCo MO&O, para. 47)
We review the FCC’s implementation of this component of the Act as reflected in recent transactions. When analyzing spectrum license transactions, the FCC has examined the eﬀects of spectrum aggregation on competition generally and consumer prices more specifically.2 In addition, the
FCC has raised concerns related to foreclosure in its analysis, including discussion of the issue of
“warehousing” of spectrum.3
To organize the discussion and analysis, we present a model of price competition among a small
number of firms, where the firms in the oligopoly oﬀer diﬀerentiated products and face capacity
constraints. This model allows us to evaluate the eﬀects of (re-)assigning spectrum licenses on
economic outcomes including consumer prices, consumer surplus, and social welfare. The model is
tractable but still rich enough to produce substantially diﬀerent policy prescriptions depending on
the nature of demand and the allocation of spectrum licenses. For example, when all firms face
the same demand functions, the assignment of spectrum licenses that maximizes consumer surplus
typically involves all firms holding the same amount of spectrum; however, when some firms face
stronger demand than others, in order to maximize consumer surplus, the firms facing stronger
demand must be assigned relatively more spectrum licenses so that they have larger capacities with
which to serve their customers. Moreover, we can use the model to oﬀer formal definitions of the
otherwise typically vague notion of warehousing spectrum, which appears in policy debates.
We define two measures relevant for evaluating concerns of spectrum warehousing. First, we
1

Memorandum Opinion and Order and Declaratory Ruling in the Matter of Applications of
Cellco Partnership d/b/a Verizon Wireless and SpectrumCo LLC et al., WT Docket Nos.
124, 12-175, Adopted August 21, 2012 (hereafter Verizon-T-Mobile-SpectrumCo MO&O), available at
http://hraunfoss.fcc.gov/edocs_public/attachmatch/FCC-12-95A1.pdf.
2
See, e.g., Verizon-TMobile-SpectrumCo MO&O, para. 76.
3
See, e.g., Verizon-TMobile-SpectrumCo MO&O, paras. 68—72.
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define the foreclosure-share measure of warehousing incentives, which is based on firms’ relative
foreclosure and use values for incremental capacity, and speaks to the incentive for warehousing and
hence the likelihood that warehousing incentives might distort market outcomes. Second, we define
the excess-capacity measure of warehousing, which is based on how firms’ actual capacities compare
with capacities in a hypothetical environment in which there is no incentive for warehousing.4 This
measure of warehousing captures the possibility of distortions in current spectrum holdings.
We apply the model to the spectrum license transaction in 2012 involving Verizon, T-Mobile,
and SpectrumCo. To perform this analysis, we choose parameters for the model so that the pretransaction revenue shares of the top four mobile wireless service providers match their actual
relative revenue shares. Given this calibration of the model, we find that the transaction increased
both consumer surplus and overall welfare. Figure 2 summarizes our analysis of the transaction,
including economic outcomes before the transaction, under the transaction but without Verizon’s
sale of spectrum to T-Mobile, and including Verizon’s divestiture of spectrum to T-Mobile. Analyzing the issue of warehousing of spectrum within the context of our model, we find little evidence
of warehousing motives for the transaction. As we show, prior to the transaction, the foreclosureshare measure of warehousing incentive was similar for Verizon and T-Mobile (Table 6 and Figure
3), suggesting that foreclosure incentives were unlikely to aﬀect the outcome. In addition, we
show that following the transaction, the excess-supply measure of warehousing showed little evidence for concern–we find that actual capacities are no more than 10% greater than theoretical
no-warehousing capacities for Verizon, AT&T, and Sprint, while T-Mobile’s capacity is somewhat
above its theoretical no-warehousing capacity (Tables 7 and 8).
The methodology presented here is potentially useful for the analysis of the economic eﬀects
of future license transfers. In addition, if one has a good estimate of how demand will change
after a merger, the model could also be applied to the analysis of horizontal mergers. Lastly, the
model is quantitatively plausible insofar as when it is calibrated to match the market shares prior
to the reassignment of spectrum between Verizon, T-Mobile, and SpectrumCo in 2012, the price for
capacity implied by the model is close to the average prices for AWS-1 spectrum licences in FCC
Auction 66.5
4

More precisely, we consider a theoretical environment in which the market supply of capacity is perfectly price
elastic and perfectly competitive. This means that firms can purchase as much spectrum as they want at a fixed
market price for spectrum.
5
In the model, the price for capacity is taken as given by the firms. To derive an implied price for capacity,
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In this paper, we first elaborate more on the foundation in the Communications Act for the
FCC’s review of spectrum license transactions in Section 2. In Section 3, we present the economic
model that we use for analyzing such transactions. In Section 4 we provide an application to the
Verizon-T-Mobile-SpectrumCo transaction. In Section 5, we provide concluding discussion.
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The Communications Act and the FCC

The Communications Act of 1934,6 as revised, specifically Section 310 of the Act, requires firms to
seek approval from the FCC to transfer control of spectrum licenses:
No construction permit or station license, or any rights thereunder, shall be transferred, assigned, or disposed of in any manner, voluntarily or involuntarily, directly or
indirectly, or by transfer of control of any corporation holding such permit or license,
to any person except upon application to the Commission and upon finding by the
Commission that the public interest, convenience, and necessity will be served thereby.
Any such application shall be disposed of as if the proposed transferee or assignee were
making application under section 308 for the permit or license in question; but in acting thereon the Commission may not consider whether the public interest, convenience,
and necessity might be served by the transfer, assignment, or disposal of the permit or
license to a person other than the proposed transferee or assignee. (Communications
Act of 1934, Section 310(d), emphasis added)
As indicated in the highlighted text above, the Communications Act sets out the standard
for approval of a transaction that the FCC find it to serve the public interest, convenience, and
necessity.
The FCC analyzes the benefits versus disadvantages presented by each case, grounded in this
section of Act. For example, as stated in the FCC order in the Verizon-T-Mobile-SpectrumCo
transaction of 2012:
we calculate the price that minimizes the sum of squared deviations between equilibrium capacities and empirically
observed capacities. The dollar prices per MHz*Pop are, respectively, $0.45 and $0.53 for the model and for Auction
66.
6
Available at http://transition.fcc.gov/Reports/1934new.pdf.
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Pursuant to Section 310(d) of the Communications Act, we must determine whether applicants have demonstrated that a proposed assignment of licenses will serve the public
interest, convenience, and necessity. In making this assessment, we first assess whether
the proposed transaction complies with the specific provisions of the Communications
Act, other applicable statutes, and the Commission’s rules. If the transaction does
not violate a statute or rule, we next consider whether the transaction could result in
public interest harms by substantially frustrating or impairing the objectives or implementation of the Communications Act or related statutes. We then employ a balancing
test weighing any potential public interest harms of the proposed transaction against
any potential public interest benefits. The applicants bear the burden of proving, by
a preponderance of the evidence, that the proposed transaction, on balance, will serve
the public interest. (Verizon-T-Mobile-SpectrumCo MO&O, para. 28)
The FCC elaborates on the aims of the Communications Act in its order in the AT&TQualcomm transaction of 2001,7 saying:
Our public interest evaluation also necessarily encompasses the “broad aims of the Communications Act,” which include, among other things, a deeply rooted preference for
preserving and enhancing competition in relevant markets, accelerating private sector
deployment of advanced services, promoting a diversity of license holdings, and generally
managing the spectrum in the public interest. Our public interest analysis also often
entails assessing whether the proposed transaction will aﬀect the quality of communications services or will result in the provision of new or additional services to consumers.
In conducting this analysis, we may consider technological and market changes, and the
nature, complexity, and speed of change of, as well as trends within, the communications
industry. (AT&T-Qualcomm Order, para. 24)
In the AT&T-Qualcomm Order, the FCC clarifies the role of separate reviews by the FCC and
Department of Justice, saying:
7

Order in the Matter of Application of AT&T Inc. and Qualcomm Incorporated, WT Docket No. 11-18, Adopted
December 22, 2011 (hereafter AT&T-Qualcomm Order).
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Our competitive analysis, which forms an important part of the public interest evaluation, is informed by, but not limited to, traditional antitrust principles. The Department
of Justice’s (DOJ) review is limited solely to an examination of the competitive eﬀects
of the acquisition, without reference to various public interest considerations. In addition, DOJ’s competitive review of communications mergers is pursuant to section 7
of the Clayton Act: if it wishes to block a merger, it must demonstrate to a court
that the merger may substantially lessen competition or tend to create a monopoly. By
contrast, the Commission’s review of the competitive eﬀects of a transaction under the
public interest standard is broader: for example, it considers whether a transaction will
enhance, rather than merely preserve, existing competition, and takes a more extensive
view of potential and future competition and the impact on the relevant market, including longer-term impacts. If we are unable to find that the proposed transaction serves
the public interest for any reason, or if the record presents a substantial and material
question of fact, we must designate the Application for hearing. (AT&T-Qualcomm
Order, para. 25)
The Communications Act gives the FCC authority to impose conditions on transactions as long
as those conditions are consistent with the applicable law. This authority is grounded in Section
303(r) of the Communications Act, which states that “Except as otherwise provided in this Act,
the Commission from time to time, as public convenience, interest, or necessity requires shall—”
Make such rules and regulations and prescribe such restrictions and conditions, not
inconsistent with law, as may be necessary to carry out the provisions of this Act, or
any international radio or wire communications treaty or convention, or regulations
annexed thereto, including any treaty or convention insofar as it relates to the use of
radio, to which the United States is or may hereafter become a party. (Communications
Act of 1934, Section 303(r))
The FCC summarizes the authority granted to it in this section of the Act as it applies to a
spectrum license transfer as follows:
Our analysis recognizes that a proposed transaction may lead to both beneficial and
harmful consequences. Section 303(r) of the Communications Act authorizes the Com5

mission to prescribe restrictions or conditions not inconsistent with law that may be
necessary to carry out the provisions of the Communications Act. In using this broad
authority, the Commission has generally imposed conditions to remedy specific harms
likely to arise from the transaction or to help ensure the realization of potential benefits
promised for the transaction. (AT&T-Qualcomm Order, para. 26)
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Model

In this section, we develop an oligopoly model that is representative of the market for mobile wireless
services in that it captures price competition among firms whose products diﬀer in their desirability
to consumers and in which firms have varying capacities. In Section 4, we relate these capacity
levels to firms’ spectrum holdings. This model allows us to capture interactions in a market where
firms produce heterogeneous products and consumers make their purchase decisions based on the
firms’ prices and quality levels.

3.1

Setup

The demand side of our model is based on the model of Singh and Vives (1984). In particular,
we employ Häckner’s (2000) extension of Singh and Vives (1984) to the case of more than two
firms. There are  goods or services, indexed  = 1  , each of which is produced by a profit
maximizing single-product firm with the same index, and a representative, price-taking consumer
that maximizes its utility from services q = (1    ) purchased minus its expenditure p · q,
where p = (1    ) is the vector of prices and where “·” denotes the inner product. That is, the
consumer solves the problem maxq  (q) − p · q, where for analytical convenience  (q) is assumed
to be of the form
 (q) ≡


X
=1

X
1
  −  2 −
   
2

(1)



This model can be viewed as assigning each firm  a baseline consumer value for firm ’s product
of  . The parameter  is the marginal utility to the representative consumer of firm ’s product
when q = 0.8 We can view  as reflecting the match of firm ’s product with the consumer’s
preferences or the quality of firm ’s product. In what follows, we refer to  as a quality parameter.
8

In our model formulation, capacity enters through the firms’ cost functions; however, one might consider an
alternative formulation in which a firm’s capacity enters the demand function for its product by altering the marginal
utility to the consumer of that firm’s product.
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The model also fixes the degree of substitutability  ∈ [0 1] between the services of firms 
and  (for  6= ).
Each firm  faces demand for its services that depends on its quality  and its price  and the
qualities a− and prices p− of its rivals. For simplicity, in the main body of the paper, we assume
that for all   = 1 and that for all  6=   = . As a robustness check, we explore alternatives in
Section 4.3.2. The assumptions on the substitutability parameter imply that the substitution eﬀects
among the firms are symmetric, while the combined assumptions force any empirically observed
diﬀerences in market shares to be explained by the vector of qualities a. As is well known, the
utility function in (1) gives rise to a linear demand structure with inverse demands given by, for
P
 ∈ {1  }  =  −  −  6=  . It will sometimes be useful to write the quantity demanded

from firm  given prices as  (  p− ) where p− is the vector of prices other than that of firm .

On the supply side, we consider an oligopoly game in which firms choose prices. Payoﬀs are
equal to profits, which for firm  are   =   − (   ), where (   ) =  (  ) is the cost
of producing quantity  given capacity   with () satisfying 0  and 00  0. Observe that this
implies that for fixed   the marginal cost of production is increasing in  while (     ) =
 (   ) for   0. That is, the long-run cost function reflects a production technology that
exhibits constant returns to scale. For analytical ease, we assume () = 2 , so that firm  has cost
(   ) =

2
 .

Thus, the marginal cost of firm  is

(  )


= 2  . We use Nash equilibrium as

our solution concept.
In this model, consumer surplus is
(q p) ≡  (q) − p · q
Letting k = (1    ) be the vector of capacity inputs, welfare  (q k) is consumer surplus plus
the sum of firms’ profits, which is equal to
 (q k) ≡  (q) −


X

(   )

=1

Capacities k, qualities a and the substitution parameter  are given and common knowledge before
firms simultaneously set prices.
Accordingly, equilibrium prices p∗ (k) = (∗1 (k)  ∗ (k)) satisfy for all  ∈ {1  }
∗ (k) ∈ arg max   (  p∗− ) − ( (  p∗− )  ).
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For notational simplicity, we sometimes use ∗ to denote  (p∗ ), and we sometimes also write
∗ (k) to emphasize the dependence of equilibrium quantities on the firms’ capacities.

3.2

Analytic results

In order to explore the implications of this model for the eﬀects described above, consider the
restriction to  = 2. We assume that parameters are such that equilibrium quantities are positive
for both firms. The necessary and suﬃcient condition for this is:


2 + 2 − 2



2 + 2 − 2



(2)

where the first inequality relates to   0 and the second to   0. To see this, note that
∗ =

1 (1 (2 + (2 − 2 )2 ) − 2 2 )

4 + 2(2 − 2 )2 + 1 (4 2 + 4(1 + 2 ) − 2 (2 + 52 ))

The denominator is positive,9 and the numerator is positive when 1 (2 + (2 − 2 )2 ) − 2 2  0
which can be rewritten as


2 +2−2






as in (2).

Key concerns in spectrum license transactions include the eﬀect of the transaction on prices,
output, and consumer surplus. Viewing spectrum holdings as capacity in the model, we can analyze
the eﬀects of transactions that transfer spectrum licenses among firms. In Section 3.2.1, we consider
the eﬀects on prices and quantities of marginal changes in capacity. In Section 3.2.2, we consider
the eﬀects of discrete shifts in capacity from one firm to the other. In Section 3.2.3, we show that
when firms are symmetric and total capacity is suﬃciently large, consumer surplus is maximized in
the model when capacity is assigned so as to minimize the concentration in the industry. In Section
4, we consider asymmetric firms and show that in that case this result no longer holds–consumer
surplus may be increased by assigning relatively more capacity to higher quality firms. Finally, in
Section 3.2.4, we discuss the notions of warehousing and the “use” versus “foreclosure” value of
spectrum within the context of the model.
3.2.1

Marginal changes in capacity

As shown below, a marginal increase in the capacity of firm  which lowers firm ’s marginal cost,
results in an equilibrium in which both firms have lower prices. Firm ’s quantity increases, but
9

To see that the denominator is positive, note that it is minimized at  = 1 and is positive when evaluated at
 = 1.
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firm ’s quantity decreases. Although firm  lowers its price, that is not suﬃcient to outweigh the
eﬀect of the decrease in its rival’s price on its quantity. However, total quantity increases.
Proposition 1 The equilibrium price for firm  is decreasing in firm ’s capacity and in firm ’s
capacity:

∗


 0 and

∗


 0. The equilibrium quantity for firm  is increasing in firm ’s capacity

and decreasing in firm ’s capacity:
in firm ’s capacity:

(∗ +∗ )


∗


 0 and

∗


 0. Total equilibrium quantity is increasing

 0.
³

´

¡
¢
=  4(1 + (1 − 2 ) )(  −  (2 + (2 − 2 ) ))  which
³ ∗´

is negative by (2). In addition,   = (2(2 + (1 − 2 ) )(  −  (2 + (2 − 2 ) )))
³ ∗´

which is negative by (2). Turning to quantities,   = −(2(2+(2−2 ) )(  − (2+
³ ∗´

(2−2 ) ))) which is positive by (2), and   = (2 (  − (2+(2−2 ) ))) which
³ ∗ ∗ ´

is negative by (2). Finally,   +  = −(2(2+(2−−2 ) )(  − (2+(2−2 ) ))
Proof. One can show that 

∗


which is positive by (2). Q.E.D.

Proposition 1 implies that a marginal increase in the capacity of one firm reduces prices and
increases total quantity, to the benefit of consumers. Profits increase for the firm whose capacity
increases and decline for the other firm.
3.2.2

Discrete shifts of capacity

Now consider a transaction that shifts ∆ units of capacity from firm 2 to firm 1. Firm 1’s capacity
changes from 1 to 1 + ∆ and firm 2’s capacity changes from 2 to 2 − ∆, where ∆ ∈ [0 2 ).
Proposition 2 If the firms’ products are suﬃciently weak substitutes (i.e.  small), then a shift
in capacity from firm 2 to firm 1 results in a decrease in firm 1’s equilibrium price and an increase
in firm 2’s equilibrium price. However, if the firms’ products are suﬃciently strong substitutes (i.e.
 large), then the eﬀect of the shift depends on which firm has higher quality (as measured by 1
and 2 ): if firm 1 has higher (resp. lower) quality, the shift results in a decrease (resp. increase) in
firm 1’s equilibrium price and an increase (resp. decrease) in firm 2’s equilibrium price.
Proof. One can show that ∗1 (1 + ∆ 2 − ∆) − ∗1 (1  2 ) is negative for 1  2 and  suﬃciently
large or for  suﬃciently small, but it is positive for 1  2 and  suﬃciently large. In addition,
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one can show that ∗2 (1 + ∆ 2 − ∆) − ∗2 (1  2 ) is positive for 2  1 and  suﬃciently large or
for  suﬃciently small, but it is negative for 1  2 and  suﬃciently large. Q.E.D.

Viewing  as a measure of firm ’s quality, a transfer of capacity to the lower quality firm causes
that firm to increase its prices when products are suﬃciently close substitutes. (The dominant eﬀect
is the restriction in capacity to the higher quality firm, causing that firm to increase its prices and,
given that in this model prices are strategic complements, for the lower quality firm to increase
its price as well.) Shifting capacity to the higher quality firm causes prices to decrease. Shifting
capacity to a firm with few good substitutes causes it to lower its price.
The transfer of capacity away from a firm causes its price to go up, unless it is the low quality
firm and products are highly substitutable, in which case the dominant eﬀect can be the decrease
in rival’s price, which leads the firm to decrease its price.
As one would expect, shifting capacity can result in a lower price for the firm gaining capacity
and a lower price for the firm losing capacity, but it is possible to have other eﬀects. In particular,
when products are highly substitutable, shifts in capacity to the higher quality firm can cause both
prices to go down, and shifts in capacity to the lower quality firm can cause both prices to go up.
In the next proposition, we consider the eﬀects on quantity.
Proposition 3 If the firms’ products are suﬃciently weak substitutes, or if the firms are suﬃciently
symmetric and the products are suﬃciently strong substitutes, then a shift in capacity from firm 2
to firm 1 increases firm 1’s equilibrium quantity and decreases firm 2’s equilibrium quantity.
Proof. Letting  = 0 one can show that 1∗ (1 + ∆ 2 − ∆) − 1∗ (1  2 ) is equal to

∆1
2(1+1 )(1+∆+1 ) 

which is positive. In addition, at  = 1 (1∗ (1 + ∆ 2 − ∆) − 1∗ (1  2 )) = (∆(21 + (1 −
2 + ∆) (2 − 1 ))) which is positive for |1 − 2 | suﬃciently small. Letting  = 0 2∗ (1 + ∆ 2 −
∆) − 2∗ (1  2 ) is equal to

−∆2
2(1+(2 −∆))(1+2 ) 

which is negative. Finally, at  = 1 (2∗ (1 +

∆ 2 − ∆) − 2∗ (1  2 )) = (∆(−22 + (1 − 2 + ∆)(1 − 2 ))), which is negative for |1 − 2 |
suﬃciently small. Q.E.D.

Proposition 3 shows that, as one would expect, shifting capacity between firms tends to increase
the output of the firm receiving the capacity and decrease the output of the firm giving up the
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capacity.
We can also consider the eﬀect of a shift in capacity on the equilibrium output per unit of
capacity, i.e., the intensity with which capacity is utilized.
Proposition 4 If the firms’ products are suﬃciently weak substitutes, then a shift in capacity from
firm 2 to firm 1 results in a decrease in firm 1’s equilibrium output per unit of capacity and an
increase in firm 2’s equilibrium output per unit of capacity. However, if the firms’ products are
suﬃciently strong substitutes, then the eﬀect of the shift depends on which firm has higher quality
(as measured by 1 and 2 ): if firm 1 has higher (resp. lower) quality, the shift results in a decrease
(resp. increase) in firm 1’s equilibrium output per unit of capacity and an increase (resp. decrease)
in firm 2’s equilibrium output per unit of capacity.
Proof. One can show that

1∗ (1 +∆2 −∆)
1 +∆

−

1∗ (1 2 )
1

is negative for 1  2 and  suﬃciently large or

for  suﬃciently small, but it is positive for 1  2 and  suﬃciently large. One can also show that
2∗ (1 +∆2 −∆)
2 −∆

−

2∗ (1 2 )
2

is positive for 2  1 and  suﬃciently large or for  suﬃciently small,

but it is negative for 2  1 and  suﬃciently large. Q.E.D.

Not surprisingly, shifting capacity can result in lower output per unit of capacity for the firm
gaining capacity and higher output per unit of capacity for the firm losing capacity, but it is possible
to have other eﬀects. In particular, when products are highly substitutable, shifts in capacity to
the higher quality firm can cause both firms to have lower output per unit of capacity (both firms
reduce price, but output decreases for the lower quality firm to such an extent that even though
its capacity is lower, the quantity per unit of capacity falls), and shifts in capacity to the lower
quality firm can cause both firms to have higher output per unit of capacity (both firms increase
price, and the increase in the higher quality firm’s price allows the lower quality firm to increase
its output suﬃciently that output per unit of capacity actually goes up).
3.2.3

Concentration

As shown below, in the symmetric version of this model with suﬃciently large total capacity,
consumer surplus is maximized when capacity is assigned equally, fixing the total amount of capacity
at a suﬃciently high level. Thus, in this case, consumer surplus is maximized when industry
concentration is minimized. This is consistent with concerns expressed by the Department of Justice
11

regarding asymmetry among the four largest service providers in the United States;10 however, as
we show, when firms vary in quality levels, shifts in capacity that increase concentration can increase
consumer surplus.
Because we model costs as (   ) =

2
 

when overall capacity levels are suﬃciently low, the

reduction in marginal cost associated with an increase in firm ’s capacity is large (approaching
infinite as  approaches zero). Thus, when aggregate capacity is suﬃciently small, consumer
surplus is maximized by shifting all of the existing capacity to either one firm or the other. The
benefits of lower marginal cost for one firm outweigh the benefits of having competition.11 However,
for overall capacity levels suﬃcient for consumer surplus to be maximized by having both firms
operate, that maximum occurs where the firms have equal capacities, i.e., where concentration in
the industry is minimized.
Proposition 5 Assuming 1 = 2  whenever consumer surplus has an interior maximum with
respect to shifts in capacity, it is maximized when 1 = 2 . Moreover, a suﬃcient condition for
an interior maximum is that total capacity is suﬃciently large (specifically, there exists a function
̄() that is decreasing in  for  ∈ [0 1] such that consumer surplus has an interior maximum if
and only if 1 = 2  ̄() where 1 = 2 

1
2

suﬃces for all ).

Proof. Letting 1 =  + ∆ and 2 =  − ∆ one can show that
(q(∗1 ( + ∆) ∗2 ( − ∆)) (∗1 ( + ∆) ∗2 ( − ∆)))
=0
∆
if and only if ∆ = 0, where consumer surplus is strictly concave in ∆ at ∆ = 0 if and only if
´
³
√
  ̄() ≡ 4 2 + 5 + 32 + 36 + 52 + 132 − 23 + 4 , where ̄ 0 ()  0 for  ∈ [0 1] and

̄(0) = 12 . Thus, for   ̄() consumer surplus is quasiconcave in ∆, with a unique maximum at
∆ = 0. Q.E.D.

In contrast to the result of Proposition 5, as we show below, if the firms are asymmetric with
respect to their quality parameters, then consumer surplus is not maximized by endowing each
10
U.S. Department of Justice, “Ex Parte Submission of the United States Department of Justice,” WT Docket No.
12-269, April 11, 2013 (DOJ ex parte).
11
It should be noted that this result hinges in parts on the assumption of bounded marginal unit that underlies
the system of linear demand functions. If marginal utility derived from the consumption of a firm’s output became
very large as this output approaches zero, it would never be optimal to shut down such a firm.
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firm with the same level of capacity. In that case, maximizing consumer surplus requires assigning
relative more of the capacity to the higher quality firm. In this sense, the model is rich enough to
generate substantially diﬀerent optimal policy prescriptions as a function of the parameter values.
3.2.4

Warehousing

Concerns have been raised regarding the possibility that wireless service providers might purchase
spectrum not for the purpose of putting it to use to serve customers, but rather to prevent rivals
from having access to the spectrum, sometimes referred to as warehousing.12 One measure taken by
the FCC that can be viewed as a response to concerns about warehousing is that the FCC imposes
build-out requirements on holders of spectrum licenses. These build-out requirements are aimed at
minimizing the potential for firms to employ warehousing strategies.
We next discuss a number of diﬀerent ways in which one might try to formalize the notion of
warehousing within the context of our model.
It is well known from the previous literature on models with this kind of short-run cost function
that a unilateral increase in firm ’s capacity  induces firm  to use its capacity less intensively in
the sense that ∗ (k) decreases in  (see e.g. Riordan, 1998, and Loertscher and Reisinger, 2013).
The intuition is simply that increases in capacity decrease the marginal cost of production for a given
quantity, which induces the firm to produce more. But given that it produces a larger quantity, the
firm incurs a larger loss on the inframarginal units. Therefore, at an optimum, its marginal gain
must also be larger, which can only occur if ∗ (k) decreases. All else equal, therefore, increases
in capacity induce a firm to use capacity less intensively within the present model. Though this
seems a sensible feature of the model, it makes little sense to define “warehousing” in this way
because it would be automatically implied by any unilateral increase in capacity and optimizing
behavior. Despite the above mechanics, our model is consistent with the empirical observation that
larger firms use capacities more intensively, that is with larger firms having larger ratios ∗ (k)
(irrespective of whether size is measured in terms of capacity or market shares) because firm  may
be large because its quality as captured by the parameter  is high.
Diﬀerences in the quality parameters  are consistent with the U.S. wireless market as portrayed
by Shapiro, Holtz-Eakin, and Bazelon (2013). In Table 1, we summarize evidence provided by
12

See, e.g., DOJ ex parte, 2013.
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Shapiro, Holtz-Eakin, and Bazelon (2013, Table 4) showing that the largest wireless carriers in the
United States use their spectrum more intensively than certain smaller wireless carriers.
Table 1: Intensity of use of spectrum by wireless carriers
Subscribers
Spectrum
Million subscribers
Carrier
(millions)
(MHz)
per MHz spectrum
Verizon Wireless
111
107
1.04
AT&T Mobility
106
88
1.20
Sprint Nextel
56
53
1.06
T-Mobile USA
33
57
0.58
MetroPCS
9
9
1.00
U.S. Cellular
6
9
0.67
Leap Wireless
6
9
0.67
Source: Shapiro, Holtz-Eakin, and Bazelon (2013, Table 4)
Our first formalization of warehousing addresses the hypothetical question of how much a firm
would be willing to pay for an additional block of capacity in order to prevent a rival from receiving
it, relative to its own use value for the input. This question relates to the incentive for warehousing.
We define the foreclosure-share measure of warehousing incentive based on the distinction between a
firm’s “use” value and “foreclosure” value for spectrum as follows. Suppose an additional indivisible
block of capacity ∆  0 is oﬀered for sale. Without specifying the details of the selling mechanism,
assume that if firm  does not get ∆, then its rival  acquires it. We can then break down the value
to firm  from purchasing additional spectrum ∆ versus allowing rival  to purchase it as follows:
  ( + ∆  ) −   (   + ∆) = (  ( + ∆  ) −   (   ))
+ (  (   ) −   (   + ∆)) 
where the first term on the right side of the equation is firm ’s “use” value for the spectrum and the
second term is its “foreclosure” value for the spectrum (see e.g. Ordover, Saloner, and Salop, 1990).
If foreclosure values are suﬃciently large relative to use values that they distort the ranking of
firms’ total values, then foreclosure concerns have the potential to aﬀect market allocations relative
to what they would be if firms valued spectrum based only on their use values. Thus, we use a
firm’s foreclosure value as a share of its total value from purchasing additional spectrum ∆ to define
a foreclosure-share measure of warehousing incentive as follows:
  (   ) −   (   + ∆)
foreclosure value
=

total value
  ( + ∆  ) −   (   + ∆)
14

Larger values of the foreclosure-share measure of warehousing incentive, particularly when considered relative to other firms, give rise to greater concerns that warehousing incentives may distort
market outcomes.
The foreclosure-share measure of warehousing incentive, which focuses on the willingness to
pay for otherwise useless capacity, presumes strong rivalry in the acquisition process by assuming
that if firm  does not acquire the capacity, then some rival  will. This corresponds to assuming
a perfectly inelastic supply of the additional unit of capacity. Conversely, one could assume a
perfectly elastic and competitive supply of capacity, so that at input price  every firm can acquire
as much capacity as it desires.13 This gives rise to the excess-capacity measure of warehousing.
More specifically, to define the excess-capacity measure of warehousing, we fix the parameters of
demand, for example based on a calibration to market shares given firms’ capacities, and suppose
that capacity is competitively supplied at price . Then firm ’s problem is to choose capacity 
to solve
max ∗ (k)∗ (k) − (∗ (k)  ) −  .


This oﬀers a way of endogenizing capacities. For a given , the implied equilibrium capacities
k∗ () = (1∗ ()  ∗ ()) can then be compared to their counterparts k̂ = (̂1   ̂ ), where k̂ may
be the empirical capacity levels or some alternative benchmark levels. Excess capacity relative to
implied equilibrium capacity,

̂ −∗ ()
∗ () 

is our excess-capacity measure of warehousing. As mentioned

above, it provides a measure of warehousing based on a model of perfectly competitive and perfectly
elastic input supply.
In practice, however, it need not always be clear what the correct choice of  is. One way
P
around this problem is to choose the  that minimizes =1 (̂ − ∗ ())2 . Letting ̂ be the solution

to this problem, one can then compare the capacities k̂ with those associated with the hypothetical
competitive supply, taking

̂ −∗ (̂)
∗ (̂)

as the excess-capacity measure of warehousing. Large values of

the excess-capacity measure of warehousing, particularly when considered relative to other firms,
would indicate that capacities are greater than those associated with the hypothetical competitive
13

Riordan (1998) and Loertscher and Reisinger (2013) analyze the intermediate case by assuming an upward sloping,
price elastic supply of capacity. Further work that makes the notion of warehousing operational in a model in which
oligopolistic firms exert market power on both input and output markets would seem valuable. For example, one
could suppose that the inverse market supply of capacity  is () = 0 + 1  and calibrate based on (0  1 ) as
opposed to just 1 as in the exercise we describe.
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supply and would be indicative of warehousing.14

3.3

Related literature

Dating back to Edgeworth (1925), the analysis of price competition with capacity constraints has a
long tradition in Industrial Organization, with important subsequent contributions by Levitan and
Shubik (1972), Kreps and Scheinkman (1983), Davidson and Deneckere (1986), and Deneckere and
Kovenock (1992, 1996); see Loertscher (2008) and the references therein for more details. With a
few notable exceptions, this literature has assumed that capacity constraints are L-shaped insofar
as the marginal cost of production is assumed be constant (typically zero) up to the constraint
and prohibitively high for quantities exceeding the constraint.15 The same type of cost function
has also been considered in a strand of literature on Cournot-type quantity competition; see, for
example, Cave and Salant (1995) and Esö, Nocke and White (2010).
The view on the role and eﬀects of capacity taken in this paper is slightly diﬀerent insofar
as we assume that increases in capacity decrease the marginal costs of production on every unit
produced. We think this is a sensible approximation to the cost functions firms in many industries
face, including mobile telephony, where any firm’s demand will be highly variable over time, so that
increases in capacity decrease the marginal cost of production continuously because more capacity
makes it less likely that services will have to be disrupted. This type of cost function has been
used previously for models with, respectively, a monopoly and dominant firms by Perry (1978) and
Riordan (1998), and for a model with Cournot competition by Loertscher and Reisinger (2013).
The latter also analyze an (almost) symmetric version of the product market model we study by
assuming that all firms face identical demand functions and by imposing conditions such that all
but one firm have the same level of capacity, which is an endogenous variable in their model. In the
present paper, we add this type of cost function to an otherwise standard diﬀerentiated Bertrand
model à la Singh and Vives (1984) and Häckner (2000).
14

A natural conjecture is that the value of ̂ used to derive the theoretical equilibrium capacities aﬀects the size
(and eventually the sign) of the various ̂ − ∗ (̂)’s but will not aﬀect the ranking of the firms according to ̂ − ∗ (̂).
This conjecture is consistent with the exercises we perform below, where we show that the ranking is the same when
equilibrium values are computed using ̂ or the empirically observed price of capacity (see Tables 8 and 9 below for
details).
15
The exceptions include Maggi (1996) and Boccard and Wauthy (2000, 2004), who assume that the marginal costs
of production is higher beyond the constraint but still constant, and Tirole (1988), who discusses the competitiveness
of price competition in relation to the convexity of the cost function.
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4

Application

A number of recent transactions reviewed by the FCC involve the transfer of spectrum from one
firm to another.16
We consider the application of this model to the Verizon-T-Mobile-SpectrumCo transaction of
2012. We continue to employ the simplified demand system introduced in Section 3, where the slope
parameters  are the same across firms and equal to 1 and where the substitution parameter is the
same between all pairs of firms. In addition, we assume that the common substitution parameter
is equal to 09. Because of the simplifications made in our modeling of demand, including a linear
demand system with simplifying assumptions applied to the parameters, the analysis that follows
must be regarded as preliminary and subject to underlying assumptions that may not hold in
reality.

4.1

Background

The Verizon-T-Mobile-SpectrumCo transaction of 2012 involved the transfer of spectrum from
Cox and SpectrumCo to Verizon, but with some spectrum being transferred to T-Mobile and
Leap to address competitive concerns related to the extent of Verizon’s spectrum holdings in some
markets.17 As stated in the FCC order:
In response to significant spectrum concentration concerns raised by Commission and
DOJ staﬀ regarding the Verizon-SpectrumCo-Cox and Verizon-Leap transactions, Verizon Wireless commenced negotiations to divest certain of the AWS-1 licenses it would
acquire as a result of the contemplated transactions. ... Among other things, Verizon Wireless seeks to assign to T-Mobile 47 licenses (covering all or portions of 98
CMAs) that Verizon Wireless has proposed to acquire from SpectrumCo, Cox, and
Leap. (Verizon-T-Mobile-SpectrumCo MO&O, para. 19)
16

For a summary of transactions between April 2012 and April 2013, see “The merger and acquisitions fever in the US telecommunications industry, at a glance,” Associated Press, April 15,
2013,
http://www.washingtonpost.com/business/technology/the-merger-and-acquisitions-fever-in-the-ustelecommunications-industry-at-a-glance/2013/04/15/1d8d773a-a600-11e2-9e1c-bb0fb0c2edd9_story.html.
17
Memorandum Opinion and Order and Declaratory Ruling in the Matter of Applications of Cellco Partnership
d/b/a Verizon Wireless and SpectrumCo LLC et al., WT Docket Nos. 12-4, 12-175, Adopted August 21, 2012 (hereafter Verizon-TMobile-SpectrumCo MO&O), available at http://hraunfoss.fcc.gov/edocs_public/attachmatch/FCC12-95A1.pdf.
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We calibrate the model of demand by setting the quality parameters,  , so that equilibrium
revenue shares in the model match the actual 2012 revenue shares provided in the FCC’s Sixteenth
Mobile Competition Report,18 as reported in Table 2.
Table 2: Estimated facilities-based service provider share of service revenues (percent)
Carrier
2010
2011
Q1—Q2 2012
Verizon Wireless
33.7
33.8
34.3
AT&T
32.4
32.4
32.3
Sprint Nextel
15.7
15.6
15.8
T-Mobile
11.3
10.5
9.7
MetroPCS
2.2
2.5
2.6
US Cellular
2.1
2.2
2.3
Leap Wireless
1.5
1.6
1.7
19
Other
1.0
1.4
1.4
Source: FCC, 16th Mobile Competition Report, Table 12
Figure 1 provides a graphical depiction of the 2012 revenue shares shown in Table 2.

Figure 1: Estimated revenue shares of facilities-based service providers for Q1—Q2 2012
Based on information contained in the FCC order, we can summarize changes in nationwide
spectrum holdings for the leading wireless service providers and other participants as a result of
18

Sixteenth Report In the Matter of Implementation of Section 6002(b) of the Omnibus Budget Reconciliation Act
of 1993; Annual Report and Analysis of Competitive Market Conditions With Respect to Mobile Wireless, Including Commercial Mobile Services, WT Docket No. 11-186, Adopted March 19, 2013 (Sixteenth Mobile Competition
Report), available at http://hraunfoss.fcc.gov/edocs_public/attachmatch/FCC-13-34A1.pdf.
19
“‘Other’ is the sum of service revenues from Clearwire, Cincinnati Bell Wireless, Ntelos, Atlantic Tele-Network,
Rural Cellular, Alltel, and Centennial.” (FCC, Sixteenth Mobile Competition Report, p.54, n.162)
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the transaction. This information is provided in Table 3.
Table 3: Nationwide MHz for wireless carriers
before and after the Verizon-T-Mobile-SpectrumCo transaction
Nationwide MHz
Carrier
Before (para. 77)
After
Verizon
90
107.5 (para. 77)
AT&T
88
88
Sprint
53
53
56+ (add’l 10—20 MHz
T-Mobile
56
in some mkts)
(para. 19)
11+ (add’l 12 MHz
Leap
11
in some mkts)
(paras. 16, 79)
MetroPCS
9
9
US Cellular
9
9
20—30 (most of
Cox and SpectrumCo
0
the country)
(para. 17)
Source: Verizon-T-Mobile-SpectrumCo MO&O (paragraphs as cited in the table)
For the purposes of this paper, we focus on the nationwide MHz of the four large carriers,
Verizon, AT&T, Sprint, and T-Mobile. Taking 20 MHz as the nationwide MHz sold by Cox and
SpectrumCo, and 17.5 MHz as the nationwide MHz gained by Verizon, we assume that T-Mobile’s
nationwide MHz increased by 2.5 MHz.
We calibrate the model based on revenue shares for 2012 from Table 2, normalized to be the
relative shares among the four carriers considered. Thus, the pieces of information used in our
calibration are the “before” capacities and relative revenue shares shown in Table 4.
Table 4: Relative revenue shares used to calibrate the model for the
application to the Verizon-T-Mobile-SpectrumCo transaction
Capacity
Relative Revenue Share
Carrier
Before After
Before
1. Verizon
90
107.5
37.2%
2. AT&T
88
88
35.1%
3. Sprint
53
53
17.2%
4. T-Mobile
56
58.5
10.5%
Letting  = 4 and  = 09 and letting firm ’s capacity  be equal to its “before” capacity
from Table 4 divided by 100 (implying that  = 1 corresponds to 100 nationwide MHz), we are
able to match the market shares shown in Table 4 with quality parameter values 1 = 0760084,
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2 = 0753060, 3 = 0709228, and 4 = 0633817. Unless specified otherwise, we maintain these
demand parameters in the results that follow.

4.2

Results

Table 5 shows the consumer surplus, total profit, and welfare for the calibrated model for three
scenarios. The “before” scenario uses the “before” capacities from Table 4. The first “after”
scenario, which assumes no transfer from Verizon to T-Mobile, takes Verizon’s capacity to be 110
and leaves the remaining firms capacities at their “before” levels. The second “after” scenario
includes the transfer to T-Mobile and uses the “after” capacities from Table 4.

Table 5: Equilibrium outcomes associated with the Verizon-T-Mobile-SpectrumCo transaction
as derived from the calibrated model
After: No transfer
After: With transfer
from Verizon
from Verizon
Equilibrium outcome
Before
to TMO
to TMO
Consumer surplus
0.088278
0.093757
0.093543
Total profit
0.074491
0.074626
0.074455
Welfare
0.162769
0.168383
0.167999
Total output
0.436163
0.449223
0.448788
Total output / total capacity 0.151973
0.146327
0.146185
Total production cost
0.067433
0.066838
0.066768

The results from Table 5 are also depicted in graphical form in Figure 2.
As shown in Table 5 and Figure 2, consumer surplus, total profit, welfare, and total output
are highest among the scenarios considered when all of the incremental 20 units of capacity are
assigned to Verizon. We explore these results further below. In addition, Table 5 shows that
at an aggregate level, output per unit capacity is higher when the incremental units of capacity
are assigned to Verizon rather than divided between Verizon and T-Mobile. Finally, even though
total output increases as a result of the additional capacity, total product cost decreases, with the
decrease being slightly larger when the capacity is divided between Verizon and T-Mobile.
Table A.1 in the appendix provides firm-level details for the three scenarios.
In this model and calibration, assigning incremental spectrum to Verizon increases consumer
surplus and welfare, regardless of whether part of the spectrum is diverted to T-Mobile or not.
Verizon’s profit increases. T-Mobile’s profit is reduced in either scenario, although it is reduced
20

1.08
1.06
1.04
1.02
1.00
0.98
0.96
0.94
0.92
0.90

Before
After: No transfer from
Verizon to TMO
After: With transfer from
Verizon to TMO

Figure 2: Equilibrium outcomes associated with the Verizon-T-Mobile-SpectrumCo transaction as
derived from the calibrated model
by less when it receives part of the additional spectrum. When T-Mobile is assigned spectrum,
its marginal cost is reduced; however, Verizon’s marginal cost is reduced as well and prices fall
suﬃciently relative to the case without the additional spectrum that T-Mobile’s revenue and profits
decline.
Conditional on the simplified demand system we employ and simplifying assumptions on the
parameter values, our exercise shows that the market continues to be at the point where consumers
would benefit from assigning additional spectrum to Verizon (although, as shown below, the model
is capable of exhibiting the opposite behavior).
We also analyze the issue of warehousing within the context of our calibrated model using the
methods described in Section 3.2.4. As noted there, a firm’s output per unit of capacity decreases
when its capacity increases. Table A.1 in the Appendix provides the detailed changes for the
scenarios we consider here.
We can use the model to calculate Verizon’s and T-Mobile’s use values and foreclosure values
for the 2.5 MHz of spectrum that were assigned to T-Mobile as part of the transaction. Writing
Verizon’s profit  1 and T-Mobile’s profit  4 as a function of only Verizon’s and T-Mobile’s capacities,
i.e.,  1 (1  4 ) and  4 (1  4 ) their use and foreclosure values are as shown in Table 6.
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Table 6: Use and foreclosure values for the 2.5 MHz of spectrum that were assigned to T-Mobile
as part of the Verizon-T-Mobile-SpectrumCo transaction as derived from the calibrated model
Verizon
T-Mobile
 1 (110 56) −  1 (1075 56)
 4 (1075 585) −  4 (1075 56)
Use value
= 0031353 − 0030952
= 0007303 − 0007069
= 0000401
= 0000234
 1 (1075 56) −  1 (1075 585)
 4 (1075 56) −  4 (110 56)
= 0030952 − 0030777
= 0007069 − 0006983
Foreclosure value
= 0000175
= 0000086
Total value
0000576
0000320
Foreclosure-share
measure of
30%
27%
warehousing
incentive
We also represent the values shown in Table 6 in Figure 3. These results show that Verizon’s
use value for the spectrum is 71% greater than T-Mobile’s use value for the spectrum. In addition,
Verizon’s total value for the spectrum is 80% greater than T-Mobile’s total value. Thus, the ranking
of the total value and use values is aligned in this case, suggesting that the market outcome would
not be distorted by the issue of foreclosure value.
0.0006
0.0005
0.0004
0.0003
0.0002

Total
Use
Total

0.0001

Use

Fore‐
closure

Fore‐
closure

0
Verizon

T‐Mobile

Figure 3: Use and foreclosure values for the 2.5 MHz of spectrum that were assigned to T-Mobile
as part of the Verizon-T-Mobile-SpectrumCo transaction as derived from the calibrated model
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Table 6 also shows the foreclosure-share measure of warehousing incentive. As shown there,
foreclosure value represents a similar share of total value for both Verizon and T-Mobile, which
reduces concerns that warehousing incentives might distort market outcomes.
Finally, we consider the excess-capacity measure of warehousing described in Section 3.2.4. We
first suppose that capacity is competitively supplied at price  and calculate equilibrium capacity
levels ∗ () as a function of , i.e., we let ∗ () solve, for all 
∗ () ∈ arg max ∗ (k)∗ (k) − (∗ (k)  ) −  .


Then we solve for the value of  that minimizes the sum of squared deviations between the firms’
capacities after the Verizon-T-Mobile-SpectrumCo transaction but with no transfer of spectrum
from Verizon to T-Mobile and those that would result under the hypothetical competitive supply
of capacity. Doing this, we find that the value of  that satisfies this condition (among all values
accurate to the fourth decimal place) is ̂ ≡ 00135. At this value for the price of capacity, we
obtain the following capacities (scaled by a factor of 1100): 1∗ (̂) = 10522, 2∗ (̂) = 10028,
3∗ (̂) = 08044, and 4∗ (̂) = 04592. The sum of squared deviations from the capacities after the
Verizon-T-Mobile-SpectrumCo transaction but with not transfer of spectrum from Verizon to TMobile is 0.1028. We then compare the corresponding unscaled hypothetical capacity levels with
the actual capacity levels as shown in Table 7.

Table 7: Capacity relative following the Verizon-T-Mobile-SpectrumCo transaction (but with
no transfer from Verizon to T-Mobile) relative to the hypothetical competitive supply
at imputed spectrum prices
Capacity after
Capacity under
Excess-supply
transaction but with
hypothetical
measure of
Carrier
no transfer from
competitive supply
warehousing
Verizon to TMO
of capacity
1. Verizon
110
105
5%
2. AT&T
88
100
−12%
3. Sprint
53
80
−34%
4. T-Mobile
56
46
22%
As shown in Table 7, the model suggests that if the firms were all purchasing spectrum on a
perfectly competitive market, then Verizon’s holdings after the transaction but with no transfer
to T-Mobile would represent slightly (5%) more than the amount that would be expected, and TMobile’s holdings would represent 22% more than the amount that would be expected. Of course,
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one must interpret these results with caution given the underlying assumptions required; however,
these results suggest that if warehousing is a concern with any of the firms, it is most likely a
concern with T-Mobile, whose actual capacity exceeds its modeled capacity under the hypothetical
of competitive supply by the greatest amount.
As a robustness check, we can compare our calibrated price ̂ for spectrum to observed prices.
To do this, assume that the quantities in the model represent the number of users and are in units
of billions of users.20 Assume that the prices are in thousands of dollars per user. Thus, revenue in
the model is in units of 1000s of billions of dollars, and the modeled revenue after the transaction
but with no transfer to T-Mobile of 0.14145 (see Table A.1) corresponds to $141.45 billion, which
approximates actual annual industry revenue in 2011 of $171.28 billion.21 Recall that we have
measured capacity in units of 100 nationwide MHz (a value of  = 1 in our model corresponds
to 100 nationwide MHz). Thus, because there are approximately 300 million people in the United
States, a value of  = 1 in our model corresponds to approximately 30 billion MHz*Pop. Because
  must be in 1000s of billions of dollars, the units for  are 1000/30 $ per MHz*Pop. Thus,  = 1
corresponds to $33.33 per MHz*Pop. In our model, ̂ = 00135, which is 00135 · 3333 = 045
$/MHz*Pop.22 This price for capacity is similar to the average price paid for AWS-1 spectrum in
FCC auction 66, which was 0.53 $/MHz*Pop,23 providing support for the reasonableness of our
calibration.
If we use the value of  that corresponds to $0.53 per MHz*Pop,24 then we obtain hypothetical
capacity levels and excess-supply measure of warehousing as shown in Table 8.
20

As shown in Table 5, the total quantity in the model in the “Verizon at 110” scenario is 0.449223. The FCC’s
Sixteenth Mobile Competition Report (p.9) reports that there were 298.3 million subscribers to mobile telephone, or
voice, service at the end of 2011. If modeled output is in units of billions of users, then the model has 449.223 million
users.
21
The FCC’s Sixteenth Mobile Competition Report (p.15) reports that the total revenue generated by the mobile
wireless industry was $171.28 billion in 2011.
22
To be more precise, let quantities be in units of (298.3 million / 0.449223 users) = 664 million users. Let
prices be in units of (171.28/0.14145 $billion / 664 million users) = 1820 $/per user. Then revenue is in units of
(17128014145 =) 1211 $billion. Since   must be in 1211 $billion, the units for  are 40.37 $/MHz*Pop. Thus,
 = 1 corresponds to $40.37 per MHz*Pop and ̂ = 00135 corresponds to 0.54 $/MHz*Pop.
23
This calculation is based on FCC data available at http://wireless.fcc.gov/auctions/default.htm?job=auction
_summary&id=66. Net winning bids were $13,700,267,150 and total MHz*Pops sold were 25,705,840,050.
24
The corresponding value is  = 0533333 = 00159.
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Table 8: Capacity relative following the Verizon-T-Mobile-SpectrumCo transaction (but with
no transfer from Verizon to T-Mobile) relative to the hypothetical competitive supply
at AWS-1 auction prices
Capacity after
Capacity under
Excess-supply
transaction but with
hypothetical
Carrier
measure of
no transfer from
competitive supply
warehousing
Verizon to TMO
of capacity
1. Verizon
110
102
8%
2. AT&T
88
97
−9%
3. Sprint
53
76
−30%
4. T-Mobile
56
43
30%
As shown in Table 8 (and consistent with Table 7), the largest eﬀects are excess spectrum
holdings by T-Mobile and undercapacity by Sprint.

4.3
4.3.1

Robustness
Eﬀects of concentration

As we have shown above, the optimal assignment of an additional 20 MHz of spectrum, as far
as consumer surplus and welfare is concerned, is to assign it all to Verizon rather than instead
assigning 2.5 MHz to T-Mobile. When assigning capacity in our model, there is a welfare tradeoﬀ
between having a more symmetric assignment that increases welfare enhancing competition and
having a more asymmetric assignment that increases welfare by favoring the firm that generates the
most value to consumers.25 In our calibration Verizon’s quality is suﬃciently high that the value
to consumers from additional Verizon output outweighs the eﬀects of increased concentration.
We now consider the extent to which this type of result continues to hold for larger assignments
of spectrum. In particular, we assume that there are  additional units of spectrum to be distributed relative to the “before” capacities, and we consider the case in which  − 3 units are assigned
to Verizon and  to each of the other three firms. Thus,  = 4 corresponds to the assignment of
equal additional units of capacity to each of the four firms and  = 0 corresponds to the assignment
of all of the additional units to Verizon.
Given our model and calibration, for all integer values of  less than or equal to 150, consumer
surplus is maximized at  = 0 i.e., consumer surplus is maximized when all of the additional
25
Additional eﬀects are possible in models with increasing returns to scale technologies. For example, Horstmann
and Markusen (1986) show in a model of international trade with increasing returns to scale that protectionism can
reduce welfare by encouraging greater domestic firm entry and therefore lowering production levels (and increasing
costs) for individual firms.
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spectrum is assigned to Verizon rather than an equal division of some portion of that spectrum
among the other three firms. However, for larger amounts of spectrum, maximizing consumer
surplus requires that not all of the spectrum be assigned to Verizon.
In the calibration, the quality levels diﬀer for the four firms, with Verizon having the highest
value of the quality parameter. Thus, consumer surplus is not maximized by having four equal-sized
firms. Maximizing consumer surplus requires assigning relatively more of the capacity to the firm
with the higher quality because that firm generates more value to consumers per unit of output.
Because we have assumed a simple linear demand formulation, one must use caution in interpreting
results, but under our formulation and calibration, consumers continue to benefit from assigning
additional capacity to Verizon rather than the alternatives we have considered for a substantial
range of increments to total capacity.
4.3.2

Calibration based on slopes

As a robustness check, we consider alternative assumptions about the demand system. Specifically,
we fix the quality parameters a = (1   4 ) = (1  1) and calibrate the model based on the slope
parameters b = (1   4 ), as opposed to the opposite approach considered above. We choose the
parameters b to minimize the sum of the squared deviations between actual and modeled revenue
shares.
Performing this exercise generates the following slope parameters (based on a search limited to
three decimal places): 1 = 0425, 2 = 0425, 3 = 0300, and 4 = 0975. Unlike the calibration
based on the quality parameters, where we are able to match the actual revenue shares essentially
exactly, in this calibration the sum of squared deviations for the revenue shares is 0.00001. Table
9 shows the actual and calibrated revenue shares.

Table 9: Calibrated revenue shares for a calibration based on slope parameters
Carrier
Actual Relative Revenue Share Revenue Share in Calibrated Model
1. Verizon
37.2%
37.0%
2. AT&T
35.1%
35.5%
3. Sprint
17.2%
17.2%
4. T-Mobile
10.5%
10.5%
Table 10 shows the equilibrium outcomes for this calibration of the model. As one can see in the
table, when comparing the after scenario with no transfer to the one with the transfer to T-Mobile,
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consumer surplus, welfare, total output, output per unit of capacity, and total production cost are
all higher in without the transfer; however, total profit is lower.

Table 10: Equilibrium outcomes associated with the Verizon-T-Mobile-SpectrumCo transaction
as derived from the model with the calibration based on slope parameters
After: No transfer
After: With transfer
Equilibrium outcome
Before
from Verizon
from Verizon
to TMO
to TMO
Consumer surplus
0.203245
0.218543
0.217867
Total profit
0.131381
0.127309
0.127500
Welfare
0.334626
0.345853
0.345368
Total output
0.726311
0.759969
0.756862
Total output / total capacity 0.253070
0.247547
0.246535
Total production cost
0.188441
0.195573
0.193627
Thus, even in this alternative calibration of the model, we reach the conclusion that consumer
surplus and welfare are enhanced by assigning all of the additional units of capacity to Verizon
rather than assigning a portion to T-Mobile.

5

Conclusion

We provide an economic model that can be applied to competition among wireless service providers
that require access to spectrum in order to provide service. The model is one of price competition
among firms oﬀering diﬀerentiated products in which firms’ capacities (e.g., firms’ spectrum license
holdings) are fixed in the short-run and aﬀect firms’ production costs, with higher capacity resulting
in a lower marginal cost.26
The model is theoretically rich enough to capture the responses of market outcomes to changes
in the demand faced by competing wireless service providers and to changes in the allocation of
capacity. It also allows us to define two quantitative measures that can be used to assess the extent
to the “warehousing” of spectrum is a concern. Our first measure of warehousing, the foreclosureshare measure of warehousing incentive considers the diﬀerence between a firm’s use value for an
additional block of spectrum and its (theoretical) foreclosure value for that additional block of
26
The model, which is a slight generalization of the downstream market of the diﬀerentiated Bertrand model in
Loertscher and Reisinger (2013), combines the demand side of Singh and Vives (1984) and Häckner (2000) with a
short-run cost function representing constant returns to scale in the long-run, which has been used by Perry (1978),
Riordan (1998) and Loertscher and Reisinger (2013).
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spectrum. If a firm’s foreclosure value is low relative to its total value, particularly relative to
rivals, then warehousing incentives are weak. Our second measure of warehousing is the excesscapacity measure of warehousing, which relates observed capacities with the equilibrium capacities
in a corresponding theoretical environment in which there is no incentive for warehousing. If actual
capacities exceed the capacities that would be expected in an environment with no warehousing
incentive, then that is suggestive of warehousing activity.
We analyze the Verizon-T-Mobile-SpectrumCo transaction of 2012 within the context of the
model by choosing parameters for the model so that the model’s outcomes are consistent with
actual pre-transaction revenue shares. Based on this calibration of the model, we find that the
Verizon-T-Mobile-SpectrumCo transaction increased consumer surplus and welfare, and we find
little evidence of warehousing motives for that transaction.
The analysis we performed was limited by the availability of data and by a variety of theoretical
restrictions. Nevertheless, we hope that the model may prove useful for further research and
applications. There is scope for deriving theoretical measures of warehousing for more general
models of capacity supply (e.g., the case of imperfectly elastic supply) and eventually applying
these in an analysis that explicitly estimates the demand system rather than relying on calibration.
Moreover, with good estimates of demand before and after a merger, the model should also be
useful in the analysis of the competitive eﬀects of a horizontal merger.
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A

Appendix
Table A.1: Firm-level details of equilibrium outcomes for the three scenarios
associated with the Verizon-T-Mobile-SpectrumCo transaction as derived
from the calibrated model

Verizon
AT&T
Sprint
T-Mobile

Quantity
Price
Revenue
Profit
0.14974
0.35256
0.05279
0.02787
0.14392
0.34612
0.04981
0.02627
0.07905
0.30877
0.02441
0.01261
0.06343
0.23492
0.01490
0.00771
Panel (a): Details for the "before" scenario

Output per
unit of
capacity
0.16638
0.16355
0.14916
0.11327

Verizon
0.17352
0.33843
0.05872
0.03135
0.15775
AT&T
0.13923
0.33483
0.04662
0.02459
0.15821
Sprint
0.07612
0.29731
0.02263
0.01169
0.14362
T-Mobile
0.06034
0.22348
0.01348
0.00698
0.10775
Panel (b): Details for the "After: No transfer from Verizon to TMO" scenario
Verizon
0.17020
0.33915
0.05772
0.03077
0.15833
AT&T
0.13938
0.33521
0.04672
0.02464
0.15839
Sprint
0.07622
0.29769
0.02269
0.01172
0.14381
T-Mobile
0.06297
0.22361
0.01408
0.00730
0.10764
Panel (c): Details for the "After: With transfer from Verizon to TMO" scenario
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