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Abstract
European and the US mobile communication services markets have developed in
rather different ways. There are striking differences in termination regulation and retail pricing models and one may wonder why this occurred and whether either of the
markets outperforms the other in terms of efficiency and/or profitability. We address
these issues by analyzing a symmetric oligopoly model in which firms are able, but
not obliged, to charge subscribers for receiving and placing calls, may discriminate
between on- and off-net calls and may request a monthly subscription fee. We show
that a continuum of equilibria exist for any reciprocal termination rate, some of which
resemble the European business model (with zero charges for reception) while others
resemble the US business model (with equal prices for placing and receiving calls).
We show that under neither of these business models full efficiency can be achieved.
Comparing the European business model with termination regulated at cost to the US
business model with voluntary Bill and Keep arrangements we show that the European
scenario is more efficient when call externality is modest, and more profitable when either call externality is modest and call demand elasticity high or call externality high
and call demand elasticity low. Our predictions are consistent both with observed network operators’ opposition to lowering termination rates in Europe and with voluntary
agreements to Bill and Keep arrangements in the US.
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Introduction

The liberalization of telecommunication markets has undoubtedly led to increased consumer
surplus through higher quality service, lower prices and more variety. At the same time the
need for heavy-handed regulation of retail prices of incumbent monopolists was eliminated.
However, it also brought about new regulatory issues, such as the one of interconnection.
Whenever a customer of operator A wants to call a customer of operator B, the latter has
to provide a wholesale service called ‘call termination’. Call termination is in fact a matter
of two-way access because customers of B will also want to call customers of A. Who should
pay for this two-way access? And, how much?
It is generally accepted that there is some role for regulatory intervention in the market
for termination but there is no global consensus about the optimal intervention. (See also
Valletti and Houpis, 2005). The European Commission argues that any (fixed and mobile)
network has monopoly power in the market for termination on that network, and may be
subject to regulation of the access price (or termination charge). It currently recommends
national regulatory authorities to set charges based on cost. In the US, on the other hand,
the FCC has chosen to let networks that require interconnection to negotiate bilaterally a
reciprocal termination charge. Only in case of disagreement termination charges are imposed
by the regulator. Such disagreements mainly occurred when one of the networks involved
is an incumbent local exchange carrier (ILEC), in which case the regulator typically sets
termination charge equal to the (very low) termination cost of the ILEC. In most other cases
networks voluntarily agree on low or even zero termination charges (Bill and Keep).1
European and US telecommunication markets do not only differ in the approach to regulating termination but also in the business models that operators use. While in the US
the Receiving Party Pays (RPP) regime is used, in Europe a Calling Party Pays (CPP)
regime is in place. RPP means that operators charge a price to their customers not only
for placing calls but also one for receiving calls. Consumers are willing to answer calls and
pay reception charges only if they enjoy receiving calls, that is, if there is a call externality.
The business model employed is closely linked to the approach to termination. Termination
can be considered as a two-sided market where the terminating operator may charge both
the originating operator and the recipient of the call, because both sides benefit from the
termination service. It is not uncommon in two-sided markets that only one of the sides is
charged a positive price. If termination charges are low (by agreement or regulation) operators may want to charge own customers for receiving calls, while if termination charges are
1

Taken as given that traffic between an ILEC and any other operator will be terminated at cost, the
arbitrage opportunity of transiting a call between two mobile networks through an ILEC may limit the
feasible range of agreements on termination charges between the mobile networks severely.
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high and profit is made on termination services, operators may not want to charge customers
for receiving calls in order not to reduce the volume of termination service.
RPP and CPP regimes produce rather different results. Littlechild (2006) shows empirically that RPP countries have lower usage prices and higher usage than CPP countries, but
higher fixed fees (or lower hand-set subsidies) and perhaps lower penetration rates or at least
slower growth in penetration rates. Dewenter and Kruse (2011) argue that penetration rates
in CPP and RPP countries are not significantly different once one controls for endogenous
regulation, i.e., once one takes into account that regulatory interventions may depend on the
performance of the market and political or institutional factors. The seeming superiority of
RPP has led some economists to call upon regulators in CPP countries to impose an RPP
regime.2 However, the statistical evidence of correlations between the payment regimes,
termination charges, penetration, and retail prices does not imply there is a specific causal
relationship. It is not clear that adopting the receiver-pays regime will bring all the benefits
that seem to be correlated with it. Could it be that the US RPP regime leads to too low
prices and too high call volume? Even if the receiver-pays regime were superior from a social
welfare point of view, it is difficult to imagine that regulators can actually force firms to use
such specific retail pricing structure. Regulators can at most influence the choice of firms
between the two regimes by either setting adequate termination rates or by letting firms negotiate reciprocal termination charges. It is thus necessary to understand how termination
charges affect both efficiency and profitability of the retail market when firms are free to
decide whether and how much to charge consumers for placing and receiving calls.
To explore this issue we extend the duopoly model by Jeon et al. (2004) (henceforth, JLT)
where firms compete by setting non-negative on- and off-net prices for placing and receiving
calls and a fixed fee to an oligopoly. We assume that consumers form passive expectations
about network sizes, rather than responsive expectations as implicitly assumed in JLT.3 In
any equilibrium on-net prices always lead to fully efficient on-net traffic, independent of the
termination charge. However, for any particular termination charge there exists a continuum
of equilibria that differ in the prices for off-net calls and fixed fees. We then analyze the
properties of the set of all equilibrium prices that can prevail for some termination charge.
We show that there exists at most one equilibrium that leads to efficient usage for off-net
traffic. This equilibrium requires off-net prices such that caller and receiver share the total
cost of a call in the same proportion they benefit from it. This equilibrium only exists for
one value of the termination charge, which depends on this proportion (i.e., call externality).
2

See for example de Bijl et al. (2005).
We elaborate on the meaning and importance of this assumption when we lay out the model and in
section 5.
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This termination charge is strictly positive4 but below the cost of termination. Any other
equilibrium leads to inefficiently low call volume. The efficient equilibrium can only exist
when there are at least three firms. In the case of duopoly, firms have incentives to provoke
connectivity breakdown by setting infinitely high reception charges, as was shown by JLT.
Despite our efficiency possibility result, resorting to an industry with at least three firms
does not resolve the issue fully.
First, even if regulators can calculate and set the necessary termination charge, there is no
guarantee that firms will play the efficient equilibrium. In particular, when firms coordinate
on the equilibrium where reception is free of charge (we call this the CPP equilibrium), as
firms do in Europe, efficiency is impossible. Similarly, if firms play the equilibrium with
equal price for placing and receiving calls (we call this the RPP∗ equilibrium), as is done
in the US, efficiency is impossible. However, if other equilibrium selection criteria are used,
efficiency may obtain when the regulator sets the required termination charge. For example,
if firms play the equilibrium that is robust to adding vanishing noise to the receiver’s marginal
utility (as in JLT), the efficient equilibrium is played. Also, if firms coordinate on the profit
maximizing equilibrium for a given termination charge, efficiency results.
Second, firms may want to agree on termination charges strictly below the one that is
compatible with efficiency. For example, Bill and Keep may yield equilibrium prices that lead
to higher industry profit but lower total welfare. This is true if firms play the equilibrium
with equal prices for placing and receiving calls, the equilibrium robust to vanishing noise,
or the joint profit maximizing equilibrium. Hence, neither a regulator setting a ceiling for
termination charges nor letting firms negotiate reciprocal termination charges will lead to
efficiency.
Our general results highlight the serious difficulty of achieving first-best outcomes. In
particular, neither the European nor the US approach can lead to full efficiency. However, it
is an interesting question to see whether the European or the US approach is better in terms
of consumer, producer or total surplus. In particular, we compare consumer, producer and
total surplus in the CPP equilibrium with termination priced at cost (which is the objective
of the European Commission) with the RPP∗ equilibrium under Bill and Keep (which is
and has been the main scenario in the US). The comparisons depend on call externality,
the number of firms and the elasticity of call demand. Consumer and total surplus are
higher under the European scenario for relatively low (but not implausible) values of the call
externality. Producer surplus is higher under the European scenario in two distinct regions:
for low call externality and high elasticity and for high call externality and low elasticity.
This paper is certainly not the first to investigate the impact of termination rates on
4
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competition between telecommunication networks. Let us now explain how this paper contributes and relates to the existing literature. This burgeoning literature starts with the
seminal works of Armstrong (1998) and Laffont et al. (1998 a,b)5 where consumer derive no
utility from receiving calls and firms always employ a CPP regime. Relatively few papers
provide an analysis of competing firms under a RPP regime. Regarding the literature on
CPP, Laffont et al. (1998b) consider the case when networks compete in nonlinear prices and
can charge different price for on- and off-net calls, as we do. They show that profit is strictly
decreasing in termination charge. Building on their analysis, Gans and King (2001) show
that firms using a caller-pays regime strictly prefer below cost termination charges. The
intuition for their results is that if termination charge is above cost, off-net calls will be more
expensive than on-net calls. As there is a price differential between on- and off-net calls,
consumers care about the size of each network (the so-called ‘tariff-mediated network externalities’). In particular, they will be more eager to join the larger network. Consequently,
acquisition costs are reduced, which in turn intensifies competition for subscribers and results in lower subscription fees and profits. Firms would thus prefer termination charges
below cost. Berger (2005) considers the same CPP setting but allows for call externalities.
He shows that the social welfare maximizing termination charge is then also strictly below
cost. Moreover, for sufficiently strong call externality both firms and regulator prefer Bill
and Keep over any positive termination charge.
These theoretical results are at odds with real world observations since regulators around
the world , and especially in Europe, are concerned about too high termination charges and
operators consistently oppose cutting termination rates.6 It is worth mentioning that a few
recent papers reconcile real world observations with theory by changing the Laffont et al.
(1998b) model in various ways (but still insist on zero prices for reception) and then show that
firms do prefer termination rates above cost. In particular, in Hurkens and López (2014) we
do this by assuming that consumers have passive expectations about network sizes. We show
there that industry profit is increasing in termination charge and that efficiency is obtained
when termination is priced below cost (when call externalities exist). The present paper also
assumes passive expectations and shows that if firms are allowed to charge for reception, the
efficient CPP equilibrium ceases to be an equilibrium because firms would necessarily charge
a strictly positive price for reception if allowed to do so. Other papers that give explanations
5

For a complete review of the literature on access charges see Armstrong (2002), Vogelsang (2003) and
Peitz et al. (2004).
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Nevertheless, this result has been shown to be very robust. For example, it holds for any number of
networks (Calzada and Valletti, 2008) and when networks are asymmetric (López and Rey, 2012). Also,
Hurkens and Jeon (2012) show that this result holds when there are both network externalities (i.e., elastic
subscription demand as in Dessein, 2003) and network-based price discrimination.
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for why firms object against lowering termination charges are Armstrong and Wright (2009),
Hoernig et al. (2014), and Jullien et al. (2013).7
An incipient literature has started to examine the relationship between termination rates
and equilibrium prices in an environment with call externalities and RPP regimes. The papers closest to ours are JLT, Cambini and Valletti (2008), López (2011) and Hoernig (2012).8
Our model is an oligopoly extension of JLT and assumes passive rather than responsive expectations. JLT use the vanishing noise criterion to address the issue of multiplicity and
notice that efficiency cannot be attained because of connectivity breakdown. López (2011)
generalizes this result to an asymmetric duopoly. Cambini and Valletti (2008) resolve the
problem of connectivity breakdown by adding call propagation to the JLT model. Moreover,
they show that when firms bargain about a reciprocal termination charge, agreement will
be reached on the efficient one. We tackle the connectivity breakdown by considering an
oligopoly and show that firms will not agree on the efficient charge when consumers have
passive expectations.9 In section 5 we come back to the role of expectations. An important
further contribution of our paper is that we characterize all equilibria and do not limit the
attention to equilibria that are robust to adding vanishing noise. This allows us to compare
the European and US telecommunication markets in terms of efficiency and profitability.
Our paper proceeds as follows. Section 2 generalizes the model of JLT by considering
a Logit formulation with any number of networks. It also defines the concept of passive
expectations. In section 3 we derive the set of equilibria and discuss its properties. Section
4 discusses four equilibrium selection hypotheses and, for each of them, the privately and
socially optimal termination mark-ups. We also compare the European scenario of CPP
with cost-based termination with the US scenario of RPP and Bill and Keep arrangements.
Section 5 examines the role of passive versus responsive expectations. Section 6 concludes.
The appendix collects some of the lengthier proofs.

2

The model

We consider a general model of n ≥ 2 network operators. The n network operators have
complete coverage and compete for a continuum of consumers of unit mass.
7

The three papers have in common that they add a realistic feature (expansion in the mobile market
and uniform FTM and MTM termination rates, unbalanced calling patterns, elastic subscription for those
consumers who only enjoy receiving calls) to the theoretical model and conclude that, for some parameter
range, firms prefer termination charges above cost. They also conclude that efficient termination charges are
above cost so that the need for regulation is mitigated.
8
Other related papers in this literature include Kim and Lim (2001), Hermalin and Katz (2001, 2004,
2011), DeGraba (2003), Hahn (2003), Laffont et al. (2003), Berger (2004, 2005).
9
Hoernig (2012) also shows that breakdown only occurs for the duopoly case.
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Timing. We assume that the terms of interconnection are negotiated or established by a
regulator first. Then, for a given reciprocal10 access charge a ≥ 0, the timing of the game is
the following:
1. Consumers form expectations about the number of subscribers of each network i: βi .
2. Firms take these expectations as given and choose simultaneously retail tariffs.
3. Consumers make rational subscription and consumption decisions, given their expectations and given the networks’ tariffs.
Consumers form expectations before tariffs are set. Consumers thus hold passive expectations which do not change when a firm changes a price. Realized market share αi is
a function of prices and consumer expectations. Self-fulfilling expectations imply that at
equilibrium βi = αi . In a symmetric equilibrium, expected and realized market shares are
equal to 1/n.11
Cost structure. The fixed cost to serve each subscriber is f , whereas cO and cT denote
the marginal cost of providing a telephone call borne by the originating and terminating
networks. The marginal cost of an on-net call is c = cO + cT . Let us denote the termination
mark-up by
m = a − cT .
The perceived marginal cost of an off-net call for the originating network is the true cost c
for on-net calls, augmented by the termination mark-up for the off-net calls: cO + a = c + m.
The perceived marginal cost of an off-net call for the terminating network is cT − a = −m.
Pricing. Each firm i ∈ N = {1, 2, . . . , n} charges a tariff Ti = (Fi , pi , ri , p̂i , r̂i ), consisting
of a fixed fee (Fi ), per-unit call and reception charges for on-net traffic (pi and ri ) and per-unit
call and reception charges for off-net traffic (p̂i and r̂i ).12
Individual demand. Subscribers obtain positive utility from making and receiving calls.
The caller’s utility from making a call of length q minutes is u(q), whereas the receiver’s is
10

Reciprocity means that a network pays as much for termination of a call on the rival network as it
receives for completing a call originated on the rival network.
11
If consumers form expectations after tariffs are observed (as assumed in JLT), consumers’ expectations
are responsive because they would depend on the prices chosen. In Section 5 we compare the outcomes under
passive and responsive expectations.
12
When n ≥ 3, it would be even more general to allow each firm to set different prices for off-net traffic
depending on which network is being called or is calling. However, since attention will be restricted to
symmetric equilibria we lose nothing from imposing that there cannot be discrimination between the prices
set for traffic terminating or originating at different rival networks. This reduces the burden of notation.
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u
e(q) from receiving a call of that length. u(·) and u
e(·) are twice continuously differentiable,
increasing and concave. For tractability, we assume that
u
e(q) = βu(q) with 0 < β < 1,

where β measures the strength of the call externality. The caller’s demand function is given
by u′(q(p)) = p, whereas the receiver’s demand function is given by u
e′ (q(r)) = r. We consider

the case in which both callers and receivers can hang up. Defining D(p, r) = q(max{p, r/β}),
the length of an on-net call is D(pi , ri ), whereas the length of an off-net call is D(p̂i , r̂j ) (for
e (p, r) = βu(D(p, r)).
i ∈ N and j ∈ (N \ {i})). We will denote U(p, r) = u(D(p, r)) and U
Market shares. We are interested in allowing for industry structure with more than
two firms. We will use the Logit formulation.13 We make the standard assumption of a

balanced calling pattern, which means that the fraction of calls from a given subscriber of a
given network and completed on another given (including the same) network is equal to the
fraction of consumers subscribing to the terminating network.14 Let wi denote the expected
value of subscribing to network i. That is,

e (pi , ri ) − (pi + ri )D(pi , ri )) − Fi
wi = βi (U(pi , ri ) + U
X
+
βj (U(p̂i , r̂j ) − p̂i D(p̂i , r̂j ))
j6=i

+

X
j6=i

e (p̂j , r̂i ) − r̂i D(p̂j , r̂i ))
βj (U

The first line corresponds to the utility from placing and receiving on-net calls, the second
to the utility from placing off-net call and the third to the utility from receiving off-net calls.
Consumers have idiosyncratic tastes for each operator. So we add a random noise term εi
and define Ui = wi + µεi . The parameter µ > 0 reflects the degree of product differentiation
in a Logit model. A high value of µ implies that most of the value is determined by a random
draw so that competition between the firms is rather weak. The noise terms εk are random
variables of zero mean and unit variance, identically and independently double exponentially
distributed. These terms reflect consumers’ preference for one good over another (they are
known to the consumer but are unobserved by the firms). A consumer will subscribe to
network i ∈ N if and only if Ui > Uj for all j ∈ N \ {i}. The probability of subscribing to
13

See Anderson and de Palma (1992) and Anderson et al. (1992) for more details about the Logit model.
Dessein (2003, 2004) examines how unbalanced calling patterns between different customer types affect
retail competition when network operators compete in the presence of the caller-pays regime.
14
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network i is denoted by αi . The probabilities (or equivalently, market shares) are given by
exp[wi /µ]
αi = Pn
.
k=1 exp[wk /µ]

(1)

Consumer Surplus. Consumer surplus in the Logit model has been derived by Small and
Rosen (1981) as (up to a constant)
CS = µ ln

n
X

exp(wk /µ)

k=1

!

= w + µ ln n,

(2)

where the last equation holds in case of a symmetric solution where each network offers
surplus wi = w.

3

Symmetric equilibrium analysis

It is straightforward to see that there always exists an equilibrium without any off-net traffic.
All firms charging infinite call and reception prices for off-net traffic constitutes part of an
equilibrium. On-net prices will be set efficiently and fixed fees are used to fight for market
share. Firms will not make any profit on call and reception services and just choose fixed
fee to maximize π = α(F − f ). In a symmetric equilibrium this yields F ∗ = f + nµ/(n − 1)

and profit π ∗ = µ/(n − 1). There may also exist equilibria in which off-net traffic is choked
off by infinite reception charges only.
We will, however, focus on symmetric equilibria without connectivity breakdown so that
off-net call volume is strictly positive. Of course, we do take into account that each network
could choke off inbound or outbound off-net traffic. That is, we need to make sure that firms
have no incentives to choke off off-net traffic.
Firms will set on-net call and reception charges so as to maximize the utility obtained
from on-net traffic by internalizing the call externality. Optimality requires that the volume
of on-net traffic q satisfies (1 + β)u′(q) = c. This can be obtained by setting prices (p∗ , r ∗ )
where
p∗ =

c
,
1+β

r∗ =

βc
.
1+β

(3)

Of course, the optimal volume can also be obtained by setting on-net prices (p∗ , ri ) with
ri < r ∗ or (pi , r ∗) with pi < p∗ . We will assume (for now and without loss of generality) that
prices (p∗ , r ∗) are chosen.15 Note that p∗ + r ∗ = c so that no profit is obtained from on-net
15

If there would be vanishing noise in the receiver’s utility then the unique optimal prices would converge
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traffic (except for the fixed fee that is levied on subscribers). Note that at prices p∗ and
r ∗ caller and receiver share the cost of a call in the proportion they benefit from it. These
prices will also play a role when we discuss efficient off-net prices.
Determining the equilibrium prices for off-net traffic from and to network i is more complicated because these prices p̂i and r̂i not only affect own subscribers, but also consumers
on other networks through the call externality: if a reduction in p̂i raises call volume, consumers on rival networks will receive (and pay for) more calls; if a reduction in r̂i raises
call volume, consumers on rival networks will place (and pay for) more calls. Even if one
focuses on symmetric equilibria in which the caller determines the volume of off-net calls, the
actual level of r̂j is important to determine the optimal p̂i . Similarly, even if one focuses on
symmetric equilibria in which the receiver determines the volume of off-net calls, the actual
level of p̂i is relevant to determine the optimal r̂j . We analyze these equilibria in turn in the
next subsections. We first determine necessary local conditions for a symmetric equilibrium
without connectivity breakdown. Later we formulate sufficient conditions under which the
candidate equilibrium strategies are global best replies, so that they indeed constitute an
equilibrium.

3.1

Call volume determined by caller

We fix r̂i = r̂ ∗ for all i ∈ N. We look for a symmetric equilibrium so that expected market

shares equal βi = 1/n for all i. Since subscription demand is assumed inelastic and the
off-net call price p̂i will affect all rivals in the same way (in a symmetric equilibrium), one
can calculate the optimal off-net call price of network i by keeping market shares constant
(by adjusting Fi accordingly). Fixing p̂j = p̂∗ and Fj = F ∗ for all j 6= i, the profit of network
i is equal to
h
i
πi = αi (1 − αi )(p̂i − c − m)q(p̂i ) + (1 − αi )(r̂ ∗ + m)q(p̂∗ ) + Fi − f ,
where Fi is such that the expected surplus from subscribing to network i is equal to the
expected surplus from subscribing to any other network:
i
n − 1h
∗
∗
∗
Fi =
(u(q(p̂i )) − p̂i q(p̂i )) − (u(q(p̂ )) − p̂ q(p̂ ))
n
h
i
1
∗
∗
∗
∗
+ (βu(q(p̂ )) − r̂ q(p̂ )) − (βu(q(p̂i )) − r̂ q(p̂i )) + F ∗ .
n

to (p∗ , r∗ ). This is formally shown in the proof of Proposition 9 below.
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Observe that

∂Fi
n−1
1
=
[−q(p̂i )] − [(β p̂i − r̂ ∗ )q ′ (p̂i )].
∂ p̂i
n
n

The first-order condition reads


n−1
1
∂πi
′
∗ ′
= αi (1 − αi )[q(p̂i ) + (p̂i − c − m)q (p̂i )] −
q(p̂i ) − (β p̂i − r̂ )q (p̂i )
0=
∂ p̂i
n
n




1
1
∗
′
= αi q (p̂i ) (1 − αi )(p̂i − c − m) − (β p̂i − r̂ ) + αi q(p̂i )
− αi ,
(4)
n
n
so that in a symmetric equilibrium (where αi = 1/n), we must have
(n − 1 − β)p̂i − (n − 1)(c + m) + r̂ ∗ = 0.
Note that the second-order derivative of profits, evaluated at the solution of the first-order
condition, reads
∂ 2 πi
q ′ (p̂i )
=
(n − 1 − β) < 0
∂ p̂2i
n2
for all β < 1 and n ≥ 2. Hence, in a symmetric equilibrium in which callers determine the
volume of calls, we must have
p̂∗ =

(n − 1)(c + m) − r̂ ∗
n−1−β

(5)

and 0 ≤ r̂ ∗ ≤ β p̂∗ or, equivalently, 0 ≤ r̂ ∗ ≤ β(c + m). Substituting these prices into the
profit function yields
πi = αi [(1 − αi )(p̂∗ + r̂ ∗ − c)q(p̂∗ ) + Fi − f ].
To find the equilibrium fixed fee we solve the first-order condition16
0=

αi (1 − αi )
∂πi
=−
((1 − 2αi )(p̂∗ + r̂ ∗ − c)q(p̂∗ ) + Fi − f ) + αi .
∂Fi
µ

At a symmetric equilibrium αi = 1/n so that equilibrium fixed fee satisfies
F∗ = f +
16

nµ
n−2 ∗
−
(p̂ + r̂ ∗ − c)q(p̂∗ ),
n−1
n

We use here that ∂αi /∂Fi = −αi (1 − αi )/µ from Eq. (1).
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(6)

and equilibrium profit equals
π∗ =

µ
1
+ 2 (p̂∗ + r̂ ∗ − c)q(p̂∗ ).
n−1 n

(7)

Note that condition (5) is necessary but not quite sufficient. In particular, one needs to
check whether a network has an incentive to raise the reception charge for off-net calls above
β p̂∗ . The next lemma shows that when either β p̂∗ < −m or β p̂∗ = −m and (n − 1)β < 1, the
firm certainly has an incentive to deviate by setting reception price marginally above β p̂∗ .
On the other hand, when β p̂∗ ≥ −m, (n − 1)β > 1 and product differentiation parameter µ
is sufficiently high, then the firm has no incentive to deviate and the candidate equilibrium
is in fact an equilibrium.

Lemma 1 A necessary condition for (p̂∗ , r̂ ∗ ) as defined in (5) to be off-net usage prices in a
symmetric equilibrium in which the caller determines call volume is that β p̂∗ ≥ −m. When
(n − 1)β > 1 and the product differentiation parameter µ is sufficiently high, this necessary
condition is also sufficient.

Proposition 2 [Caller determined volume]
[i] If (p∗ , r ∗ , p̂∗ , r̂ ∗ , F ∗ ) is a symmetric equilibrium in which the caller determines the call
volume, then p̂∗ , r̂ ∗ and F ∗ must satisfy
(n − 1)(c + m) − r̂ ∗
≥ max{−m/β, r̂ ∗/β}
n−1−β
nµ
n−2 ∗
= f+
−
(p̂ + r̂ ∗ − c)q(p̂∗ )
n−1
n

p̂∗ =
F∗

[ii] If p̂∗ , r̂ ∗ and F ∗ satisfy the conditions in [i], (n − 1)β > 1 and µ is sufficiently high,
then (p∗ , r ∗ , p̂∗ , r̂ ∗, F ∗ ) is a symmetric equilibrium in which the caller determines the call
volume, and equilibrium profit equals
π∗ =

µ
1
+ 2 (p̂∗ + r̂ ∗ − c)q(p̂∗ ).
n−1 n

(8)

Notice that the number of firms is relevant when checking whether a firm has an incentive
to create connectivity breakdown by raising the off-net reception price to infinity. If the
number of firms is high (so that β > 1/(n − 1)) there is no incentive to do this. The intuition
is clear: if network i provokes connectivity breakdown this will affect the subscribers of
other networks only with respect to the calls made to subscribers of network i. This is only
a (small) fraction 1/(n − 1) of all off-net calls made. On the other hand, the subscribers of
12

network i will not be able to receive any off-net call. As long as β > 1/(n − 1) connectivity
breakdown hurts subscribers from network i more than those of rival networks.
If, on the other hand, (n − 1)β < 1, provoking connectivity breakdown by unilaterally

setting reception charge equal to infinity may (but need not) be a profitable deviation from
the proposed price schedule. In particular, if n = 2 the sufficient condition in part [ii] of
Proposition 2 is never satisfied and one needs to check carefully whether provoking connectivity breakdown is a profitable deviation from the proposed prices. The profitability of such
a deviation depends on the particular equilibrium candidate under consideration, the termination charge, and the strength of the call externality. In particular, provoking connectivity
breakdown will be profitable for low values of the call externality, but not for very high ones.
As a first example, consider a duopoly and suppose that −βc/(1 + β) < m ≤ 0. Consider
the candidate equilibrium off-net prices (p̂, r̂) = ((c + 2m)/(1 − β), −m). In this case no
profit is made from receiving off-net calls because r̂ + m = 0. By deviating to r̂1 = ∞

network 1 hurts subscribers on the rival network more than its own subscribers when the
call externality is weak. As a result, it can raise the fixed fee to its own subscribers such
that it still attracts half of the market. This clearly raises the profit of network 1. On the
other hand, when the call externality is strong (β close to 1) then provoking connectivity
breakdown hurts own subscribers more than the rival’s subscribers, because the caller pays
more for off-net calls than the receiver does, while the utility obtained from such calls is
almost the same for both parties.
As a second example, consider again a duopoly and suppose now that m = 0. Consider
the candidate equilibrium off-net prices (p̂, r̂) = (c, βc). Note that profit equals µ + 14 βcq(c).
No profit is made on calls placed off-net (because p̂ = c + m) but profit is made on calls
received off-net. Provoking connectivity breakdown will imply losing the latter profits. In
fact, profit will equal π1 = α1 (F1 −f ). The optimal fixed fee satisfies thus F1 −f = µ/(1−α1 ).
To keep market share constant at 1/2, network 1 can raise its fixed fee by 21 (1 − β)v(c) where

v(c) = u(q(c)) − cq(c). It will be optimal to raise its fixed fee by a little less and increase
market share above 1/2. In any case, for β sufficiently close to 1 the raise in fixed fee and

market share will not be sufficient to compensate the loss of profits from receiving off-net
calls. On the other hand, if the call externality is very weak, the raise in fixed fee is more
than enough to recover the small loss of profits.

3.2

Call volume determined by receiver

We look for a symmetric equilibrium in which receivers determine the off-net call volume.
Let us fix p̂i = p̂∗ for all i ∈ N. Since subscription demand is assumed inelastic and the
13

off-net reception price r̂i will affect all rivals in the same way (in a symmetric equilibrium),
one can calculate the optimal off-net reception price of network i by keeping market shares
constant by adjusting Fi accordingly. Fixing r̂j = r̂ ∗ and Fj = F ∗ for all j 6= i, the profit of

network i is equal to

h
i
πi = αi (1 − αi )(p̂∗ − c − m)q(r̂ ∗ /β) + (1 − αi )(r̂i + m)q(r̂i /β) + Fi − f ,
where Fi is such that expected surplus from subscribing to network i is equal to the expected
surplus obtained from subscribing to any other network:
i
n − 1h
(βu(q(r̂i/β)) − r̂i q(r̂i /β)) − (βu(q(r̂ ∗/β)) − r̂ ∗ q(r̂ ∗/β))
n
i
1h
+ (u(q(r̂ ∗/β)) − p̂∗ q(r̂ ∗ /β)) − (u(q(r̂i /β)) − p̂∗ q(r̂i /β)) + F ∗ .
n

Fi =

Observe that

∂Fi
n−1
1
=
[−q(r̂i /β)] −
[(r̂i − β p̂∗ )q ′ (r̂i /β)].
∂r̂i
n
nβ 2

At a symmetric equilibrium (with market share αi kept constant at 1/n) the derivative of
profits w.r.t. r̂i is


∂πi
1 n−1
1
′
∗ ′
=
[q(r̂i /β) + (r̂i + m)q (r̂i /β)/β − q(r̂i /β)] − (r̂i /β − p̂ )q (r̂i /β)/β
∂r̂i
n
n
n
′
q (r̂i /β)
[(n − 1)β(r̂i + m) − r̂i + β p̂∗ ] .
=
2
2
β n
Hence, if (n−1)β −1 < 0 no interior solution exists and the optimal reception charge is either
β p̂∗ or ∞. In particular, for n = 2 and β < 1 no equilibrium exists without connectivity

breakdown where only the receiver determines call volume.
If (n − 1)β − 1 = 0 a solution exists only if β p̂∗ = −m (which requires m ≤ 0). In this
peculiar case any reception charge r̂ ∗ ≥ β p̂∗ satisfies the first-order condition.
If (n − 1)β − 1 > 0 a unique interior solution is given by
(β(n − 1) − 1)r̂i + β(n − 1)m + β p̂∗ = 0.
Hence, in this case a symmetric equilibrium in which receivers determine the volume of calls
must satisfy 0 ≤ β̂p∗ ≤ r̂ ∗ and
r̂ ∗ =

β((n − 1)m + p̂∗ )
.
1 − (n − 1)β
14

(9)

Substituting the prices into the profit function and maximizing with respect to the fixed
fee yields, as before
F∗ = f +

nµ
n−2 ∗
−
(p̂ + r̂ ∗ − c)q(r̂ ∗ /β),
n−1
n

(10)

so that equilibrium profit equals
π∗ =

1
µ
+ 2 (p̂∗ + r̂ ∗ − c)q(r̂ ∗/β).
n−1 n

(11)

Note that condition (9) is not yet quite sufficient, as one needs to check whether a network
has an incentive to raise call price above r̂ ∗ /β. The next lemma addresses this question.
Lemma 3 Let (n − 1)β > 1. A necessary condition for (p̂∗ , r̂ ∗) as defined in (9) to be offnet usage prices in a symmetric equilibrium in which the receiver determines call volume is
that r̂ ∗ ≥ β(c + m). For sufficiently high product differentiation parameter µ, this necessary
condition is sufficient. Such an equilibrium only exists for m ≤ mR , where
mR =

[1 − (n − 1)β]c
< 0.
n − 2 + (n − 1)β

Proposition 4 [Receiver determined volume]
[i] If (n−1)β < 1 or m > mR , there exists no symmetric equilibrium in which the receiver
determines the call volume.
[ii] If (n − 1)β > 1, m ≤ mR , and µ is sufficiently high, then (p∗ , r ∗ , p̂∗ , r̂ ∗ , F ∗) is a

symmetric equilibrium in which the receiver determines the call volume if and only if p̂∗ , r̂ ∗
and F ∗ satisfy
β((n − 1)m + p̂∗ )
≥ max{β(c + m), β p̂∗ }
1 − (n − 1)β
nµ
n−2 ∗
= f+
−
(p̂ + r̂ ∗ − c)q(r̂ ∗/β).
n−1
n

r̂ ∗ =
F∗

Moreover, equilibrium profit then equals
π∗ =

µ
1
+ 2 (p̂∗ + r̂ ∗ − c)q(r̂ ∗/β).
n−1 n

Figure 1 illustrates the set of equilibrium off-net usage prices for a fixed m when (n−1)β >
1, m ≤ mR and µ sufficiently high. Note the special role played by m where
m=

−βc
.
1+β
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Figure 1: Equilibrium off-net prices for a fixed termination mark-up m.

3.3

Properties of the set of equilibria

Propositions 2 and 4 establish for a particular termination mark-up m the set of equilibria
in which callers and receivers determine call volume. A continuum of equilibria exists for
each m. Profit and welfare properties of the different equilibria depend on m only through
off-net prices p̂ and r̂. Performing policy analysis and recommending termination rates
would require to know which equilibrium will be played. There is no unique obvious way of
selecting one equilibrium. Before proposing four possible equilibrium selection criteria, we
first investigate the set of all possible combinations of off-net call and reception charges that
can prevail in an equilibrium for some termination mark-up. This will allow us to analyze
whether and how efficiency can be obtained. Moreover, it will give some insight in the overall
profitability of the different equilibria. Finally, it will allow us to clarify the similarity, or
better, duality between caller determined and receiver determined call volume equilibria.
Let us denote by E C (resp. E R ) the set of off-net prices (p̂, r̂) in an equilibrium where
callers (resp. receivers) determine the call volume. Because on-net prices are the same
in all equilibria and equilibrium fixed fees are a function of off-net prices, we can identify
equilibrium off-net prices with equilibria.
Let (p̂, r̂) ∈ E C . Then the termination mark-up must equal mC (p̂, r̂) where
mC (p, r) =

(n − 1 − β)p + r
− c.
n−1

Furthermore, necessary conditions are that β p̂ ≥ r̂ ≥ 0 and β p̂ ≥ −mC (p̂, r̂). Since we do
16

not allow for negative termination charges a final necessary condition is that mC (p̂, r̂) ≥ −cT .
From Proposition 2 it follows that any pair (p̂, r̂) that satisfies the above conditions is part
of an equilibrium when (n − 1)β > 1 and µ is sufficiently high.

Let now (p̂, r̂) ∈ E R . These prices can only be part of such equilibrium when the
termination mark-up equals mR (p̂, r̂) where
mR (p, r) =

((1 − (n − 1)β)r)/β − p
.
n−1

Furthermore, necessary conditions are that r̂ ≥ β p̂ ≥ 0 and r̂ ≥ β(c + mR (p̂, r̂)). Since we do

not allow for negative termination charges a final necessary condition is that mR (p̂, r̂) ≥ −cT .
From Proposition 4 it follows that any pair (p̂, r̂) that satisfies the above conditions is part
of an equilibrium when (n − 1)β > 1 and µ is sufficiently high.
Thus we obtain the following corollary.

Corollary 5 Assume (n − 1)β > 1 and µ sufficiently high. Then the set of equilibrium
off-net prices in an equilibrium with caller determined volume is

E C = (p̂, r̂) ∈ ℜ2+

:

mC (p̂, r̂) ≥ −cT and β p̂ ≥ max{r̂, −mC (p̂, r̂)}

and the set of equilibrium off-net prices in an equilibrium with receiver determined volume is

E R = (p̂, r̂) ∈ ℜ2+

:

mR (p̂, r̂) ≥ −cT and r̂ ≥ max{β p̂, β[c + mR (p̂, r̂)]} .

Recall that p∗ and r ∗ as defined in Eq. (3) are the efficient (on-net) prices. Note that
mC (p∗ , r ∗ ) = mR (p∗ , r ∗ ) = −βc/(1 + β) = m so that (p∗ , r ∗) ∈ E C ∩ E R if and only if
βc/(1 + β) ≤ cT , which we will assume to hold. Note that a sufficient condition for this is
that cT = c/2. The sets E C and E R are illustrated in Figure 2.
Because the lines defined by β p̂ = −mC (p̂, r̂) and r̂ = β(c + mR (p̂, r̂)) are downward

sloping and go through the point (p∗ , r ∗), it follows that any pair of off-net equilibrium
prices (p̂, r̂) 6= (p∗ , r ∗ ) leads to inefficiently low call volume. Hence, even though any offnet prices p̂ = p∗ and r̂ < βp∗ (or r̂ = r ∗ and p̂ < r ∗ /β) would yield efficient off-net call
volume, none of these combinations can prevail in an equilibrium for any termination markup. In particular, any equilibrium with zero charge for reception must be inefficient and any
equilibrium with p̂ = r̂ must be inefficient.
Let us now consider the profitability of the different equilibrium outcomes. Consider an
equilibrium with β p̂ > r̂ and p̂ + r̂ > c. It is immediate that the equilibrium (p̂ − ε, r̂ + ε)
yields higher profit for small ε > 0, because the strictly positive profit margin remains
17
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Figure 2: Off-net equilibrium prices in which caller (E C ) or receiver (E R ) determines call
volume. For equilibrium prices in the dark shaded areas there exists a dual equilibrium in
which the other party determines call volume.

the same while call volume increases. Hence, the maximum profit to be obtained in any
equilibrium in which callers determine call volume is obtained for some equilibrium with
β p̂ = r̂. The same argument holds for the optimal payoff to be obtained in any equilibrium
in which the receiver determines the call volume. Hence, the profit maximizing equilibrium
must have r̂ π = β p̂π where p̂π = arg maxp ((1 + β)p − c)q(p). In case of iso-elastic call

demand, the maximum is obtained when p̂ = pM /(1 + β), where pM = arg maxp {(p − c)q(p)}
denotes the monopoly (call) price. Total price is equal to monopoly price but call volume is
strictly higher than monopoly call volume. Note that pπ > p∗ . The maximal profit can be
achieved in a caller determined volume equilibrium when the termination mark-up is equal
to mC (p̂π , r̂ π ) > m, and possibly also in a receiver determined volume equilibrium when
the termination mark-up equals mR (p̂π , r̂ π ) < m. However, the latter may be below −cT
which would require a negative termination charge, that is, a payment from the terminating
network to the originating network which is not allowed for in our model.
Let us summarize our results.
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Proposition 6
[i] The total welfare maximizing equilibrium is obtained for off-net prices (p∗ , r ∗ ) and
achieves full efficiency. Any other equilibrium exhibits inefficiently low call volume. Efficiency can only be obtained when m = m.
[ii] The profit maximizing equilibrium is obtained for off-net prices (p̂π , r̂ π ) determined by
r̂ π = β p̂π and p̂π = arg max((1 + β)p − c)q(p).
p

Maximum profit can be obtained when m = mC (pπ , r π ) > m and by m = mR (pπ , r π ) < m (if
mR (pπ , r π ) ≥ −cT ).
Duality. It is not a coincidence that the maximal profit can possibly be obtained by two
different equilibria. It is obvious that any (p̂, r̂) ∈ E R ∩ E C \ {(p∗ , r ∗ )} can be obtained both
in an equilibrium with call volume determined by the caller (namely when m = mC (p̂, r̂)) and
in an equilibrium with call volume determined by the receiver (namely when m = mR (p̂, r̂)).
However, the idea that what can be obtained in an equilibrium in which the receiver determines volume can also be obtained in an equilibrium in which the caller determines volume,
and vice versa, holds more generally. To be more precise, let us say that e′ = (p̂′ , r̂ ′ ) ∈ E C
is the dual of e = (p̂, r̂) ∈ E R if call volume and profit in e are the same as call volume and
profit in e′ . Dual equilibria are equally efficient and yield the same profit, and thus also yield
exactly the same consumer surplus. The only differences lie in the identity of the person
who determines the volume of the call and in the required termination rate to support these
prices as an equilibrium. It is easy to construct for each e ∈ E R the unique candidate dual,
e′ . Namely, to have equal call volume it must be that p̂′ = r̂/β. To have moreover the same
profit, it must be that r̂ ′ = p̂ + r̂ − p̂′ . Of course, in general the constructed e′ may not lie

within E C , as it may not satisfy some of the linear constraints that characterize E R . For
example, it is straightforward to show that r̂ ′ ≥ 0 requires that r̂/p̂ ≤ β/(1 − β). Also, the
condition β p̂′ ≥ −mC (p̂′ , r̂ ′ ) is equivalent to r̂ ≥ β[c + mR (p̂, r̂)].

Proposition 7 (Duality property) There exist subsets Ẽ R ⊂ E R and Ẽ C ⊂ E C such

that for any e ∈ Ẽ R there exists its dual e′ ∈ Ẽ C , where call volume, profit and consumer
surplus are the same. Similarly, for any e′ ∈ Ẽ C there exists its dual e ∈ Ẽ R , where call
volume, profit and consumer surplus are the same. Moreover, equilibria outside Ẽ R and Ẽ C
do not have a dual equilibrium.
Figure 2 shows the construction of the dual equilibrium. The dark shaded areas indicate the
subsets of E R and E C that have dual equilibria. The duality property illustrates the idea
that there is no fundamental difference between origination and termination or between call
19

and reception charges. Only the restriction to non-negative call, reception and termination
prices limits the duality property to a subset of equilibria. Of course, negative prices may lead
firms or consumers to engage in arbitrage opportunities: For example, a sufficiently negative
termination charge (or positive origination charge) may give firms perverse incentives to
place a huge amount of off-net calls to collect “origination rents”.

4

Equilibrium selection

We have shown that a multiplicity of symmetric equilibria exists. This means that networks
face a huge coordination problem. Without addressing this coordination problem it is impossible to do policy analysis and recommend a particular termination mark-up. Namely,
the socially optimal termination mark-up will depend on which of the equilibria networks
will play. We discuss four possible equilibrium selection hypotheses. First, we consider using
the CPP regime as an equilibrium selection device or focal point where the equilibrium with
zero reception charges is used. This corresponds to current European practice. Second, we
consider the equilibrium where call and reception charges are equal. This selection criterion
is motivated by the observation that in countries where a RPP regime is in place, call and
reception charges are usually the same. We will denote this equilibrium by RPP∗ . As we
shall see, the CPP and RPP∗ equilibria do not exist for all values of the termination charge.
Nevertheless, these focal points are interesting from a real world perspective, and give us
the opportunity to compare the efficiency and profitability of the European and US telecommunication markets. We consider two more equilibrium selection criteria. By introducing
vanishing noise (as first introduced by JLT) in the marginal utilities of receivers one can
ensure that both callers and receivers sometimes determine the length of the call and this
always picks a unique equilibrium. Finally, we consider the benchmark case where firms
coordinate on the most profitable equilibrium.
In order to avoid potential problems of equilibrium existence, we will assume from now
on that (n − 1)β > 1 and that the product differentiation parameter µ is sufficiently large.
These conditions are sufficient for the existence of the equilibria characterized in Proposition
2. The first condition is also a necessary condition for equilibria to exist in which the receiver
determines the volume (see Proposition 4).
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4.1

CPP

If firms play an equilibrium in which receiving calls is free of charge, they must play the
equilibrium (p, r, p̂∗ , r̂ ∗, F ∗∗ ) where
r = 0, p =
and
F ∗∗ = f +

c
(n − 1)(c + m)
, r̂ ∗ = 0, p̂∗ =
,
1+β
n−1−β

nµ
n−2 ∗
1 βc
c
−
(p̂ − c)q(p̂∗ ) +
q(
).
n−1
n
n1+β 1+β

Note that on-net reception price must now be equal to zero. Observe that in the fixed
fee we added the payment that in the equilibrium described in Proposition 2 was collected
through positive on-net reception charges. Equilibrium profit is still given by (8) (with
r̂ ∗ = 0).
Note that when n > 2, the off-net call price does not converge to infinity as the call
externality β tends to one. In this sense the equilibrium does not exhibit asymptotic connectivity breakdown. This contrasts with the observations by JLT and López (2011) about
asymptotic connectivity breakdown in duopolistic markets.
Recall from Proposition 2 that a necessary condition for this equilibrium to exist is that
β p̂∗ ≥ −m, which is equivalent to m ≥ mCP P , where
mCP P =

−βc
.
β
β + 1 − n−1

For lower termination mark-ups any equilibrium must have positive charges for reception.
The termination mark-up that maximizes firms’ profits is the one that maximizes (p̂∗ −
c)q(p̂∗ ). That is, firms prefer termination mark-up that yields off-net price equal to monopoly
price pM . Hence, the termination mark-up that maximizes firms’ profits equals
mπ =

n−1−β M
p − c.
n−1

Observe that mπ > mCP P so that this profit maximizing equilibrium indeed exists.
Note that for industries with at least three firms the profit maximizing termination markup will be positive whenever call demand is relatively inelastic, in which case the monopoly
price is quite high. Only for extremely elastic call demand, the monopoly price will be close
to cost and the profit maximizing termination mark-up will be negative. In case of iso-elastic
call demand, q(p) = p−η , the monopoly price equals pM = ηc/(η − 1) so that mπ > 0 if and
only if η < (n − 1)/β.
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The socially optimal termination mark-up would be the one that achieves the efficient
call volume, i.e. such that p̂∗ = c/(1 + β). Hence, the optimal termination mark-up would
be



n
−βc
W
m =
< 0.
1+β
n−1
However, it is easily established that mW < mCP P . This means that regulating termination
charges at efficient levels is incompatible with a CPP equilibrium, if firms are free to charge
for reception.17 This was of course already clear from Proposition 6, where we saw that
efficiency can only be obtained with off-net prices equal to (p∗ , r ∗ ). Were regulators to impose
mW in the hope to achieve efficiency, operators would be forced to play an equilibrium in
which consumers are charged a positive price for receiving calls. Alternatively, regulators
could impose the lowest termination mark-up compatible with CPP (i.e., mCP P ), and accept
some inefficiency.18

4.2

RPP∗

From Proposition 4 we know that an equilibrium with equal charge for placing and receiving
calls can only exist when the termination mark-up is sufficiently low. In particular, the
termination mark-up must be negative. Such an equilibrium must have
p̂ = r̂ =

β(n − 1)m
.
1 − nβ

(12)

The necessary condition r̂ ≥ β(c + m) is satisfied if and only if m ≤ mRP P , where
mRP P =

c(1 − nβ)
.
n − 2 + nβ

The social welfare maximizing termination mark-up would be the one that makes r̂
W
equal to βc/(β + 1), so that mW
RP P = c(1 − nβ)/((1 + β)(n − 1)). However, mRP P >
mRP P . Regulating termination charges at efficient levels is thus incompatible with an RPP∗
equilibrium. As in the case of CPP, this was already clear from Proposition 6 where we

saw that the only efficient equilibrium off-net prices satisfy r ∗ = βp∗ < p∗ . Alternatively,
regulators could try to impose the highest termination mark-up compatible with RPP∗ (i.e.,
mRP P ), and accept some inefficiency. However, even this may be problematic because it may
be in the interest of firms to agree on lower termination rates, such as Bill and Keep, which
17

If firms are prevented from the option to charge reception (perhaps by law), then efficiency can be
achieved in a CPP equilibrium (see Berger (2005)).
18
If mCP P < −cT , the best regulators can do is to impose Bill and Keep.
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Figure 3: Profit for n = 4, cO = cT = 0.5 in CPP and RPP∗ equilibrium.

may lead to higher profits and lower welfare. This is certainly the case when call demand is
iso-elastic. With iso-elastic call demand q(p) = p−η , the (unconstrained) profit maximizing
termination mark-up would equal mπ = −cη(nβ − 1)/(2β(η − 1)(n − 1)) < −pM /2, so that

Bill and Keep is optimal if negative termination charges are ruled out and cT ≤ c/2. Hence,
if regulators would set mRP P as an upper level on the termination mark-up, firms would

voluntarily agree on a Bill and Keep regime. This would lead to even larger efficiency losses
because lower termination charges (that is, stronger negative termination mark-ups) lead to
higher usage prices and thus to lower usage.
Comparison between CPP and RPP∗. Let us illustrate some of the issues at hand
by means of two numerical examples. We assume n = 4 and cO = cT = 0.5. In case (a) we
further assume that q(p) = p−2 and β = 0.8, while in case (b) we assume that q(p) = p−3
and β = 0.6. Figure 3 shows the equilibrium profit as a function of termination mark-up m
for the CPP and RPP∗ equilibria. Note that in case (a) the CPP equilibrium exists for any
m ≥ −0.5 (because mCP P = −0.52), while the RPP∗ equilibrium exists only for m ≤ −0.42.

In case (b) the CPP equilibrium exists for m ≥ −0.43 while the RPP∗ equilibrium exists
for m ≤ −0.32. One observes that equilibrium profit in the CPP equilibrium decreases as
termination mark-up is lowered. At some point firms would prefer to switch to the RPP∗
equilibrium. As the termination mark-up is lowered all the way to Bill and Keep, profit in
the RPP∗ equilibrium increases. In fact, the profit under Bill and Keep can even be higher

than the maximum profit in any CPP equilibrium as is shown in Figure 3(b).
In order to illustrate how efficiency is affected, we plot call volume in Figure 4. The top
level indicates the efficient call volume, which cannot be achieved by any termination markup for either type of equilibrium. The lower the termination mark-up, the more efficient is
the CPP equilibrium and the less efficient is the RPP∗ equilibrium. However, depending on
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the level of the termination mark-up either CPP or RPP∗ may be better. In particular, in
case (a) CPP is outperformed by RPP∗ in terms of total welfare, but in case (b), there are
termination mark-ups where CPP outperforms RPP∗ . Another striking feature is that under
the RPP∗ equilibrium firms would prefer to use Bill and Keep but regulators would actually
prefer higher termination rates. That is, firms voluntarily agreeing on Bill and Keep need
not be in the interest of social or consumer welfare.
An eye catching comparison is the one between the US scenario with Bill and Keep
(m = −cT ) and RPP∗ (equal prices for placing and receiving calls), and the (future) situation

in Europe with termination regulated at cost (m = 0) and CPP. Let us assume again that
cO = cT = c/2. We will now compare both scenarios in terms of producer, consumer and
total surplus.
In the US scenario, off-net call and reception price are then equal to p̂US = r̂ US =
β(n − 1)c/(2(nβ − 1)), so that call volume equals q US = q(r̂ US /β). Under the European
scenario off-net call price equals p̂EUR = (n − 1)c/(n − 1 − β) and off-net call volume is
equal to q EUR = q(p̂EUR ). Call volume would thus be higher (and more efficient) in the
European scenario if and only if β < (n + 1)/(2n + 1). On the other hand, the margin
earned on each minute of call in the European scenario (i.e., p̂EUR − c) will be higher than
√
the one in the US scenario (i.e., 2p̂US − c) if and only if β > β̄ = ( 5 − 1)/2. Because
(n + 1)/(2n + 1) ≤ 4/7 < β̄ for all n ≥ 3, it follows that when the two scenarios are equally
efficient, the European producers earn less profits than their US counterparts. This then also

implies that consumer surplus must be strictly higher under the European scenario when
both scenarios are equally efficient (in terms of total surplus). Another consequence is that
for no value of β it can be true that both producer and consumer surplus are the same in
both scenarios.
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From the deliberations above we have that for intermediate values of β ∈ [(n + 1)/(2n +
1), β̄], European producers earn less profits. However, both for lower and higher values
European operators may earn higher profits than their US counterparts. On the one hand,
as β approaches 1 the profit margin for US producers converges to zero, while the one for
European producers is bounded away from zero. Hence, if call demand is bounded from
above, European producers earn higher profits for high values of β. On the other hand,
when β approaches the lower bound (for existence of RPP∗ equilibria) 1/(n − 1), European
producers will earn more if call demand is very elastic, despite the lower margin earned on
calls, because of the much higher quantity sold.
We summarize our findings in the following proposition. An illustration of this proposition is given in Figure 5. For the case of call demand with constant elasticity η and call
externality β, different regions in the (η, β)-space are identified where, respectively, producer,
consumer or total surplus are higher under the European scenario (indicated by the sign ‘+’).
Proposition 8 Let n ≥ 3 and call demand be bounded from above and sufficiently elastic
over the relevant range of prices. Then there exist cut-off values 1/(n − 1) < β1 < β2 =
(n + 1)/(2n + 1) < β3 < β4 < 1 such that
[i] Producer surplus is higher under the European scenario than under the US scenario
when β < β1 and when β > β4 .
[ii] Consumer surplus is higher under the European scenario than under the US scenario
when β < β3 .
[iii] Total surplus is higher under the European scenario than under the US scenario when
β < β2 .

4.3

Noisy receiver utility

Here we follow the approach first introduced in JLT (2004) and later also applied by Cambini
and Valletti (2008), López (2011), and Hoernig (2012). The idea is that the marginal utility a
receiver obtains from a call is subject to some noise, so that, whatever the call and reception
charges are, there is a positive probability that the caller hangs up first and there is a positive
probability that the receiver hangs up first. This will imply that both call and reception
charges matter so that they can be uniquely determined. By considering the limiting case
where the noise vanishes (in a regular way) this method selects a unique equilibrium among
the set of equilibria in the game without noise.
Proposition 9 The criterion of vanishing noise selects the following equilibrium, depending
on the termination mark-up m:
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Figure 5: Producer, consumer and total surplus comparison between European and US
scenario. (A ‘+’ sign indicates that the relevant welfare measure is higher under the European
scenario.)

[i] If m ≥ 0, the equilibrium selected has r̂ = 0 and p̂ = (n − 1)(c + m)/(n − 1 − β).
Reception (off-net) is not charged and the caller determines the call volume.
[ii] If m ≤ m ≤ 0, the equilibrium selected has r̂ = −m and p̂ = ((n−1)c+nm)/(n−1−β).
Reception (off-net) is charged but the caller determines the call volume.
[iii] If −cT ≤ m ≤ m, the equilibrium selected has p̂ = c + m and r̂ = −β(c + nm)/((n −
1)β − 1). The receiver determines call volume.
It is easily verified that call volume in the selected equilibrium is increasing in m for
m < m and decreasing in m for m > m, and that the efficient call volume is obtained
when mW
noise = m. Note that this socially efficient termination mark-up is not optimal
for firm’s profits. One can verify that p̂ + r̂ is increasing in m at m > m, and that at
m = m, p̂ + r̂ = p∗ + r ∗ = c. From the expression of equilibrium profit in Proposition 2 it
follows that increasing m above m will increase each firm’s profit. It is not straightforward
to determine the profit-maximizing termination mark-up for general call demand functions.
Depending on the elasticity of call demand and the strength of the call externality, the
26

profit

profit

m
-0.5

0

0.5

1

m

1.5

-0.5 -0.18 0

(a) q(p) = p−2 and β = 0.8

0.5

1

1.5

(b) q(p) = p−3 and β = 0.6

Figure 6: Profit for n = 4, cO = cT = 0.5 in equilibrium selected by vanishing noise.
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Figure 7: Call volume for n = 4, cO = cT = 0.5 in equilibrium selected by vanishing noise.

optimal termination mark-up for firms can be strictly positive (leading to a CPP outcome)
or can be negative (leading to an RPP outcome). For example, consider a case with n = 4
firms and cO = cT = 0.5. When q(p) = p−2 and β = 0.8, the profit maximizing termination
mark-up is about 0.5. (See Figure 6(a).) When instead q(p) = p−3 and β = 0.6 the optimal
termination mark-up is about −0.18 > m = −0.375.19 (See Figure 6(b).) Call volume is
always efficient at m. (See Figures 7(a) and 7(b).)

4.4

Coordination

Let us imagine that for any given termination charge firms coordinate on the equilibrium
with the highest (joint) profit. The profit maximizing equilibrium is the one where r̂ = β p̂.
This is so because it is the equilibrium with the highest call volume and the largest non19

In this case a termination mark-up of m = −0.44 also maximizes firm’s profit. This is due to the duality
between equilibria with caller and receiver determined volume explained in Proposition 7.
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Figure 8: Profit for n = 4, cO = cT = 0.5 in equilibrium selected by coordination.

negative profit margin p̂ + r̂ − c. For m ≥ m, the equilibrium has r̂ = β p̂ = β(c + m), so
that p̂ + r̂ − c = (1 + β)(c + m) − c ≥ 0. For m ≤ m, the equilibrium has r̂ = β p̂ = −m, so
that p̂ + r̂ − c = −m(1 + β)/β − c ≥ 0. (See Figure 1.)
The termination mark-up that maximizes efficiency is the one that yields call volume
q(c/(1+β)). It is straightforward to see that mW
coor = m. The profit maximizing termination

mark-up above m is the one that maximizes ((1 + β)(c + m) − c)q(c + m). (This will yield
the maximal profit over all equilibria, see Proposition 6.) In the case of iso-elastic call
demand q(p) = p−η , the optimal termination mark-up is such that total price (p̂ + r̂) equals
monopoly price pM . Call volume will be larger than under monopoly, because it is given by
q(pM /(1 + β)). To be precise, mπ = pM /(1 + β) − c. Because of duality, the same optimal
profit could, in principle, also be obtained with a termination mark-up below m, namely
with mW = −βpM /(1 + β).20 However, this would often require a negative termination
charge. In case (a), the profit-maximizing termination mark-up is equal to 1/9, in case (b) it
is equal to −1/16. (See Figure 8). So in the first case, if firms could decide on termination
mark-up and equilibrium, they would choose a positive mark-up but still use a RPP business
model. If regulators would try to impose m as an upper level on the termination mark-up,
firms would voluntarily agree on Bill and Keep. As Figure 9 shows, such a jump to Bill
and Keep would reduce efficiency compared to the first best situation, especially in case (b).
Bill and Keep is only somewhat better than cost-based termination charges. More generally,
Bill and Keep yields call volume q(cT /β) while a cost-based termination charge yields call
volume q(c). Hence, Bill and Keep is more efficient than cost-based termination when firms
coordinate on the profit maximizing equilibrium if and only if β > cT /c.
20

This would again yield total price equal to monopoly price and call volume as before.
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Figure 9: Call volume for n = 4, cO = cT = 0.5 in equilibrium selected by coordination.

5

The role of expectations

We have assumed throughout that consumers form passive expectations about network sizes.
That is, consumers form expectations before firms set prices and do not change them once
they observe the prices set by all firms. This is in contrast to the previous literature on
termination (with the exception of Hurkens and López (2014)) that assumes consumers form
responsive expectations, so that expectations are perfectly adjusted when prices are changed.
The type of expectations does not affect the equilibrium off-net call and reception prices.
The strategic marginal cost pricing principle holds with responsive and passive expectations
because in both cases one uses the standard trick to maximize profit holding market shares
constant at 1/n (so that responsive and passive expectations coincide). However, the type
of expectations is crucial for determining fixed fees and profits. When off-net traffic provides
less net consumer surplus than on-net traffic (per call) then consumers prefer to belong
to the larger network. Under the assumption of responsive expectations consumers realize
that a firm that unilaterally lowers its fixed fee will become the larger network. Hence, some
consumers switch to that network not just because of the lower fixed fee but also because they
foresee that they will place and receive more on-net calls in comparison to other networks.
Under responsive expectations competition is thus fiercer than under passive expectations
whenever off-net traffic provides less surplus to consumers than on-net traffic.
This was already pointed out by Hurkens and López (2014) in case reception is exogenously determined to be free of charge. It must thus also hold here when firms play the
CPP equilibrium. For example, if firms play the equilibrium selected by vanishing noise
and m > 0, then fixed fees and profits are lower under responsive expectations than under
passive expectations. Even stronger, equilibrium profit increases under passive expectations
and decreases under responsive expectations when m is raised above 0. Given the observed
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Figure 10: Profit for n = 4, cO = cT = 0.5, q(p) = p−2 and β = 0.8 in equilibrium selected
by vanishing noise under passive (upper curve) and responsive (lower curve) expectations.

opposition by firms against lowering termination charges in European countries, the predictions obtained under passive expectations seem more plausible than those obtained under
responsive expectations.
In order to understand better the role of expectations when reception is charged, we
calculate fixed fees and equilibrium profit for the case of responsive expectations for the
equilibrium robust to vanishing noise.21
Proposition 10 [i] Assuming responsive expectations and vanishing noise, the symmetric
equilibrium is (p∗ , r ∗ , p̂, r̂, F̃ ) where p̂ and r̂ are as in Proposition 9. Denoting consumer
surplus from on-net calls by
v ∗ = (1 + β)u(q(p∗)) − cq(p∗ )
and consumer surplus from off-net calls by
v̂ = (1 + β)U(p̂, r̂) − (p̂ + r̂)D(p̂, r̂),
21

JLT and Hoernig (2012) seem only interested in efficiency and connectivity breakdown, as they do
not calculate fixed fees nor profits. Cambini and Valletti (2008) do examine profit but restrict attention
to equilibria in which the caller determines volume (most of the time). They show that as the termination
charge is lowered towards the efficient level, equilibrium profits go up. Because for termination charges below
the efficient level no equilibrium exists in which the caller determines volume and no connectivity breakdown
occurs, they conclude that breakdown must occur for inefficiently low termination charges. They then verify
that an equilibrium with connectivity breakdown yields lower profit than the equilibrium without breakdown
and thus conclude that free commercial negotiations lead firms to set efficient charges. In contrast, we will
consider that when termination charge is set below the efficient level, firms play the equilibrium in which
receivers determine volume and still show that under the assumption of responsive expectations firms will
voluntarily agree on the efficient termination charge.
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fixed fee equals
nµ
v ∗ − v̂ n − 2
Fe = f +
−
−
(p̂ + r̂ − c)D(p̂, r̂)
n−1
n−1
n
and equilibrium profit equals
v ∗ − v̂
1
µ
−
+ 2 (p̂ + r̂ − c)D(p̂, r̂).
π
e=
n − 1 n(n − 1) n

[ii] Maximal profit is obtained for m = m, so that p̂ = p∗ and r̂ = r ∗ . That is, free
negotiation between firms about a reciprocal termination rate leads to the efficient outcome.
One sees immediately that the difference between equilibrium profits under passive and
responsive expectations is captured by the term (v ∗ − v̂)/(n(n − 1)). Raising off-net surplus
increases fixed fee and profit. It should thus not come as a surprise that firms prefer to agree
on the efficient termination rate under responsive expectations. Figure 10 compares profits
under passive and responsive expectations for the equilibrium selected by vanishing noise.22
Observe that the profits under passive and responsive expectations agree exactly when the
efficient termination charge is set. This is so because then off-net prices are efficient and
thus equal to the on-net prices. This implies that then the tariff-mediated network effect
disappears and the type of expectations is thus irrelevant. As the termination charge is
moved away from the efficient one, the profit under responsive expectations decreases while
under passive expectations it increases.

6

Concluding remarks

In this paper we revisited the analysis of the effect of termination charges on competition
and welfare when receivers obtain utility from incoming calls and network operators can
charge call reception. Compared to earlier literature on this topic we assume that consumers
form passive expectations about network sizes. In addition, we extended the traditional
duopoly model to the case of competition among multiple networks, and allow both callers
and receivers to hang up. We derived the full set of equilibria for any termination charge
and analyzed both efficiency and profitability of the industry under different termination
charges and equilibrium selection hypotheses. We showed that the possibility of connectivity
breakdown becomes unimportant and a unique efficient equilibrium exists when there are at
least three firms (and call externality is not too low).
22

Note that the profit under passive expectations for this case was already drawn in Figure 6(a). Profits
have been rescaled somewhat to better illustrate the difference between passive and responsive expectations.
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We showed that efficiency requires that p̂ = p∗ = λc and r̂ = r ∗ = (1 − λ)c, where
λ = 1/(1+β) denotes the share of the total value of a call enjoyed by the caller. That is, caller
and receiver must share the total cost of a call in proportion to the benefit they enjoy from
it.23 This in turn can only occur when the termination charge equals a∗ = cT − βc/(1 + β).
Note that with termination charge a∗ the perceived marginal cost of originating an off-net
call equals cO + a∗ = λc and the perceived marginal cost of terminating an off-net call equals
cT − a∗ = (1 − λ)c. Hence, in the efficient equilibrium the total cost of a call must also
be shared by the two operators in the same proportion as their subscribers benefit from it.
This cost-sharing rule does not depend on how total cost is actually composed. Of course,
the actual termination charge does depend on the composition. The originating operator
should pay the terminating operator a fraction a∗ /cT of the termination cost. Assuming that
cO = cT = c/2, this fraction equals a∗ /cT = (1 − β)/(1 + β) = 2λ − 1, and decreases from
1 to 0 when β increases from 0 to 1: If caller and receiver share the value of a call equally
(β = 1), Bill and Keep (a∗ = 0) is optimal. Hence, we obtain an answer to our question
of who and how much should be paid for interconnection. Our answer is reminiscent to the
one provided by DeGraba (2003). DeGraba (2003) shows that if firms set prices equal to
perceived marginal cost then efficiency obtains when termination charge is set to a∗ . We
have shown, however, that the equilibrium price that determines call volume is equal to
strategic marginal cost, which in general is different from perceived marginal cost. Even
when termination is fixed at a∗ , firms may end up playing a different, and thus inefficient,
equilibrium. We also showed that this coordination problem is resolved if one is willing to
assume that firms play, for any given termination charge, the equilibrium that yields the
highest industry profit, or the equilibrium robust to vanishing noise (as JLT, Cambini and
Valletti (2008) and Hoernig (2012) do).
Efficiency is thus feasible in theory, but probably hard to achieve in practice for several
reasons. First, the assumption that firms play the equilibrium robust to vanishing noise is
rather strong and ad hoc. Firms may very well play a different equilibrium. Recall that
for each termination charge there exists a continuum of equilibria. For example, if firms
play the CPP equilibrium (as they seem to do in Europe) or the RPP∗ equilibrium (as they
seem to do in the US), full efficiency is impossible. Constrained efficiency (that is, maximal
efficiency given the type of equilibrium played) requires termination rates different from
a∗ . For example, assuming again that cT = c/2, if CPP is played the constrained optimal
termination charge is lower than a∗ (and equal to zero for high values of β). If, on the other
23
DeGraba (2003) showed that such prices yield efficient consumption, but noted that efficiency also
obtains when only one party faces the efficient price while the other party faces a price below the efficient
one. We showed that such alternative combination of prices are never part of an equilibrium.
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hand, RPP∗ is played, the constrained optimal termination charge is higher than a∗ . This
suggests that termination rates in Europe should perhaps be lowered below cost and that Bill
and Keep regimes in the US should not be overrated from an efficiency point of view. Second,
firms may have incentives to agree on termination charges below the one set by the regulator.
This may lead to higher profits but lower total and consumer welfare. This is for example
the case when firms play the RPP∗ equilibrium, the equilibrium robust to vanishing noise or
the one preferred by firms (but not when the CPP equilibrium is played). This is a serious
problem if regulators can only set a ceiling on termination rates but cannot prevent firms
from agreeing to lower ones. It also shows that letting firms negotiate reciprocal termination
charges may lead to inefficient Bill and Keep regimes. Third, the regulator may simply
lack knowledge about the strength of call externalities and is thus unable to determine the
optimal termination charge.
Given all these problems to achieve first-best efficiency, we have provided a comparison
between the European and US scenarios. The CPP regime in Europe together with costbased termination (as recommended by the EC) may actually outperform the RPP∗ regime in
the US with voluntary Bill and Keep arrangements in terms of efficiency (and also profitability). In particular, the European scenario is more efficient as long as β < (n+1)/(2n+1). Of
course, lowering termination below cost in Europe leads to a wider range of call externality
parameters for which the resulting outcome is more efficient than the US scenario. On the
other hand, if β is very close to one, then RPP∗ with Bill and Keep is better and in fact
close to first-best.
It would be extremely important to have a better idea of how strong call externalities
actually are. This is presumably an empirical matter, but the current paper may also prove to
be useful in this direction. Namely, our theoretical model (employing passive expectations)
makes predictions that are in line with real world observations about telecommunication
wholesale and retail prices in both CPP and RPP countries24 . We believe therefore that
our model can be used to empirically estimate the strength of the call externality and give
reliable results. This would then be very useful for the discussion about the pros and cons
of RPP and CPP regimes and for future policy about regulation of termination rates.25

24

For example, the facts that operators protest against termination rate reductions in CPP countries and
that firms agree voluntary to Bill and Keep in RPP countries are consistent with our model predictions,
while models employing responsive expectations are not.
25
Hurkens and López (2012) calibrate welfare gains from regulation in the Spanish telecom market (assuming passive expectations), while Harbord and Hoernig (2012) do so for the UK (assuming responsive
expectations). In both cases a CPP regime is assumed and results depend strongly on the strength of the
call externality.
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Appendix
Proof of Lemma 1.
Suppose a network considers to raise the reception charge for off-net calls above β p̂∗ .
Such a deviation would make the receivers of this network determine the volume of calls
received from subscribers from rival networks. All firms j 6= i set p̂j = p̂∗ , r̂j = r̂ ∗ , and
Fj = F ∗ where p̂∗ and r̂ ∗ satisfy (5) and F ∗ satisfies (6) while firm i sets p̂i = p̂∗ , r̂i > β p̂∗ ,
and Fi . The profit of firm i is then equal to
πi = αi ((1 − αi )(p̂∗ − c − m)q(p̂∗ ) + (1 − αi )(r̂i + m)q(r̂i /β) + Fi − f ).
As before, when considering an alternative reception charge r̂i one can keep market share
constant at 1/n by adjusting Fi accordingly. That is,
n−1
[(βu(q(r̂i /β)) − r̂i q(r̂i /β)) − (βu(q(p̂∗)) − r̂ ∗ q(p̂∗ ))]
n
1
+ [(u(q(p̂∗ ) − p̂∗ q(p̂∗ )) − (u(q(r̂i /β)) − p̂∗ q(r̂i /β))] + F ∗
n

Fi =

Observe that
∂Fi
n−1
1
=
[−q(r̂i /β)] −
[(r̂i − β p̂∗ )q ′ (r̂i /β)].
∂r̂i
n
nβ 2
Keeping market share αi constant at 1/n, the first-order derivative of profit w.r.t. r̂i is


1 n−1
1
′
∗ ′
∂πi /∂r̂i =
[q(r̂i /β) + (r̂i + m)q (r̂i /β)/β − q(r̂i /β)] −
(r̂i − β p̂ )q (r̂i /β)/β
n
n
nβ 2
q ′ (r̂i /β)
=
[β(n − 1)(r̂i + m) − r̂i + β p̂∗ ] .
β 2 n2
Note that if (n − 1)β − 1 < 0, the profit function is U-shaped while if (n − 1)β − 1 > 0, the
profit function is inversely U-shaped. Moreover, at r̂i = β p̂∗
∂πi
> 0 if and only if β p̂∗ + m < 0.
∂r̂i
Hence, if β p̂∗ + m < 0 firm i will certainly want to deviate since even a marginal deviation
above β p̂∗ would be profitable. On the other hand, if β p̂∗ + m > 0 marginal deviations
are not profitable. If moreover, (n − 1)β − 1 > 0, then there is no profitable deviation at

all, in which market shares are kept constant. By continuity there is no profitable deviation
either in which market share is changed slightly. When µ is sufficiently high provoking larger
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market share deviations is very costly and cannot be profitable. Finally, if β p̂∗ + m > 0 and
(n − 1)β − 1 < 0 deviating to r̂i = ∞ may be profitable.
Proof of Lemma 3.
We will now check whether a firm i may have an incentive to raise the off-net call price
p̂i above r̂ ∗ /β. Such a deviation makes the callers of this network determine the volume of
off-net calls. Profit of firm i is then equal to
πi = αi ((1 − αi )(p̂i − c − m)q(p̂i ) + (1 − αi )(r̂ ∗ + m)q(r̂ ∗ /β) + Fi − f ).
As before, when considering an alternative reception price, one can keep market share constant by adjusting Fi accordingly. That is
n−1
[(u(q(p̂i )) − p̂i q(p̂i )) − (u(q(r̂ ∗/β)) − p̂∗ q(r̂ ∗ /β))]
n
1
+ [(βu(q(r̂ ∗/β)) − r̂ ∗ q(r̂ ∗ /β)) − (βu(q(p̂i )) − r̂ ∗ q(p̂i ))] + F ∗
n

Fi =

Observe that

∂Fi
n−1
1
=
[−q(p̂i )] − [(β p̂i − r̂ ∗ )q ′ (p̂i )].
∂ p̂i
n
n


n−1
1
0 = ∂πi /∂ p̂i = αi
[q(p̂i ) + (p̂i − c − m)q ′ (p̂i ) − q(p̂i )] − (β p̂i − r̂ ∗ )q ′ (p̂i )
n
n
′
q (p̂i )
=
[(n − 1 − β)p̂i − (n − 1)(c + m) + r̂ ∗ ]
n2



so that
(n − 1 − β)p̂i − (n − 1)(c + m) + r̂ ∗ = 0.
Note that the second-order derivative of profits, evaluated at the solution of the first-order
condition, reads
∂2π
q ′ (p̂i )
=
(n − 1 − β) < 0
∂ p̂2i
n2
for all β < 1 and n ≥ 2. A profitable (marginal) deviation above r̂ ∗ /β thus exists whenever

∂π/∂ p̂i > 0, when evaluated at p̂i = r̂ ∗ /β. So a necessary condition for the candidate
equilibrium to be an equilibrium is that r̂ ≥ β(c + m). When µ is sufficiently high, it will
then also not be profitable to deviate and change market share away from 1/n. For an
equilibrium in which the receiver determines the call volume to exist it must be true that
r̂ ≥ β(c + m) for r̂ = β(n − 1)m/[1 − (n − 1)β)] (that is for p̂ = 0). This implies the condition
on m.

35

Proof of Proposition 9.
Here we provide the details of equilibrium selection based on vanishing noise. It follows
the approach by JLT (2004), who introduced this in a duopoly model assuming rationally
responsive expectations. It turns out that neither the type of expectations nor the number
of firms is relevant for which candidate equilibrium is selected.26
We assume that the utility that a receiver derives from receiving a call of length q is
subject to some noise ε: βu(q) + εq, where ε is distributed with cumulative distribution
function F (·) on wide enough support [ε, ε], zero mean, and strictly positive density function
f (·). Additionally, ε is identically and independently distributed for each caller-receiver pair.
We will assume that noise vanishes in the following regular way (similar to JLT):
Definition 11 A sequence of distributions Fn (ε) with zero mean on domain [ε, ε̄] is called
regular if for any continuous function h(·) we have
lim E[h(ε)|ε ≥ ε0 ] = h(ε0 ) for all ε0 ≥ 0

n→∞

and
lim E[h(ε)|ε ≤ ε0 ] = h(ε0 ) for all ε0 ≤ 0.

n→∞

As receivers are allowed to hang up, for a given pair of relevant27 prices (pi , rj ) the length
of a call from a caller of network i to a receiver of network j is given by q(max{pi , (rj −ε)/β}).
Therefore, the volume of calls from network i to network j is αi αj D(pi , rj ) with
D(pi , rj ) = [1 − F (rj − βpi )]q(pi ) +
Observe that

while

Z

rj −βpi

q
ε




rj − ε
f (ε)dε.
β

∂D(pi , rj )
= [1 − F (rj − βpi )] q ′ (pi ),
∂pi

(13)

 


∂D(pi , rj )
rj − ε
′
= (1/β)F (rj − βpi )E q
ε ≤ rj − βpi .
∂rj
β

(14)

The utility that a consumer from network i obtains from placing calls to network j is
αj U(pi , rj ) with
U(pi , rj ) = [1 − F (rj − βpi )]u(q(pi )) +
26

Z

ε

rj −βpi

 

rj − ε
u q
f (ε)dε.
β

The number of firms is of course important to determine whether the candidate equilibrium is indeed
an equilibrium, as shown before.
27
With relevant prices we mean that if i = j, then we consider the on-net prices pi and ri , while if i 6= j
we mean the off-net prices p̂i and r̂j .
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Notice that

while

∂U(pi , rj )
∂D(pi , rj )
= pi
,
∂pi
∂pi

(15)





rj − ε ′ rj − ε
∂U(pi , rj )
= (1/β)F (rj − βpi )E
q
ε ≤ rj − βpi .
∂rj
β
β

(16)

The utility that a consumer from network j obtains from receiving calls from network i
e (pi , rj ) with
is αi U
e (pi , rj ) =
U

Z

ε

[βu(q(pi )) + εq(pi )] f (ε)dε

rj −βpi
Z rj −βpi

+

ε

Notice that

while



 



rj − ε
rj − ε
βu q
+ εq
f (ε)dε.
β
β

e (pi , rj )
∂U
∂D(pi , rj )
= rj
,
∂rj
∂rj

(17)

e (pi , rj )
∂U
= [1 − F (rj − βpi )]E [ (βpi + ε)q ′ (pi )| ε ≥ rj − βpi ] .
∂pi

(18)

We will solve for the symmetric equilibrium (without connectivity breakdown). We start
the analysis with the market for on-net calls. It is optimal for network i to maximize the
size of the pie for on-net calls. The first-order conditions with respect to pi reads
∂[U(pi , ri ) + Ũ(pi , ri ) − cD(pi , ri )]
= 0,
∂pi
while the one with respect to ri reads
∂[U(pi , ri ) + Ũ(pi , ri ) − cD(pi , ri )]
= 0.
∂ri
Using the expressions for partial derivatives derived before, the system of equations is equivalent to

′


 0 = E [(pi − c + βpi + ε)q (pi )| ε ≥ ri − βpi ]
(n)

(n)

h


 0 = E (ri − c +

ri −ε ′
)q
β



ri −ε
β



ε ≤ ri − βpi

i

Let (pi , ri ) denote the solution when the noise distribution is F (n) . Without loss of
generality we may assume that the sequence converges to (p, r) and that βp ≥ r or that
βp ≤ r. If r ≤ βp, then by the regularity of the sequence F (n) it must hold that
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(

0 = (p − c + βp)q ′(p)
0 = (r − c + p)q ′ (p)

so that p = c/(1 + β) and r = βc/(1 + β).
If r ≥ βp, then by the regularity of the sequence F (n) it must hold that
(

0 = (p − c + r)q ′ (p)
0 = (r − c + r/β)q ′(r/β)

so that again p = c/(1 + β) and r = βc/(1 + β).
Hence, p = p∗ = c/(1 + β) and r = r ∗ = βc/(1 + β).
We now solve for the optimal off-net call and reception charges. Let us fix the prices of
all firms j 6= i: (p∗ , r ∗ , p̂, r̂, F ). Because consumers have passive expectations and we are
considering symmetric equilibrium, all consumers expect market shares to be equal to 1/n.
Expected surplus to subscribing to network i is thus

wi =


1
e (p∗ , r ∗ ) − cD(p∗ , r ∗ ) − Fi
U(p∗ , r ∗ ) + U
n

n−1
e (p̂, r̂i ) − r̂i D(p̂, r̂i ) ,
+
U(p̂i , r̂) − p̂i D(p̂i , r̂) + U
n

while subscribing to any of the rival networks j yields surplus

wj =


1
e (p∗ , r ∗ ) − cD(p∗ , r ∗ ) − F
U(p∗ , r ∗ ) + U
n

1
e
U(p̂, r̂i ) − p̂D(p̂, r̂i ) + U (p̂i , r̂) − r̂D(p̂i , r̂)
+
n

n−2
e
+
U(p̂, r̂) − p̂D(p̂, r̂) + U (p̂, r̂) − r̂D(p̂, r̂) .
n

The surplus in the first line corresponds to on-net calls and fixed fee, the surplus in the
second line to off-net calls from and to network i, and the surplus in the last line corresponds
to off-net traffic from and to other networks.
In order to keep true market share constant when changing p̂i and r̂i , network i should
adjust fixed fee so that wi − wj remains constant, so that
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!
e (p̂i , r̂)
∂U
∂D(p̂i , r̂)
− r̂
∂ p̂i
∂ p̂i


n−1
1 ∂U(p̂, r̂i )
∂D(p̂, r̂i )
= −
D(p̂, r̂i ) −
− p̂
.
n
n
∂r̂i
∂r̂i

n−1
1
∂Fi
= −
D(p̂i , r̂) −
∂ p̂i
n
n
∂Fi
∂r̂i

Observe that no profit is made on on-net traffic so that
πi = αi (Fi + (1 − αi )[(p̂i − (c + m))D(p̂i r̂) + (r̂i + m)D(p̂, r̂i )]).
Maximizing profit while holding market share constant through adjusting fixed fee Fi
thus yields

 0=

 0=

∂πi
∂ p̂i

= αi

∂πi
∂ r̂i

= αi




∂Fi
∂ p̂i
∂Fi
∂ r̂i

h
i
i ,r̂)
+ (1 − αi ) D(p̂i , r̂) + (p̂i − (c + m)) D(p̂
h
i∂ p̂i
D(p̂,r̂i )
+ (1 − αi ) D(p̂, r̂i ) + (r̂i + m) ∂ r̂i

Using that at a symmetric equilibrium αi = 1/n these equations can be rewritten as
(

e

i ,r̂)
i ,r̂)
0 = − ∂ U∂(p̂p̂ii ,r̂) + r̂ ∂D(p̂
+ (n − 1)(p̂i − (c + m)) D(p̂
∂ p̂i
∂ p̂i
i)
i)
i)
0 = − ∂U∂(p̂,r̂
+ p̂ ∂D(p̂,r̂
+ (n − 1)(r̂i + m) D(p̂,r̂
r̂i
∂ r̂i
∂ r̂i

Substituting Eqs. (13), (14), (16) and (18) and taking out non-negative factors [1−F (r̂ −
β p̂i )] and F (r̂i − β p̂)/β, this can be rewritten as
(

′
0 = E h
[ −β p̂i − ε + r̂ + (n − 1)(p̂i − (c+ m))|
 ε≥ r̂ − β p̂i ] q (p̂
i i)
r̂i −ε
r̂
−ε
0 = E − β + p̂ + (n − 1)(r̂i + m) q ′ iβ
ε ≤ r̂i − β p̂

Let F (n) represent a series of noise distributions that is regular and let (p̂(n) , r̂ (n) ) denote
the corresponding symmetric equilibrium candidate usage prices. By taking a suitable subsequence one may assume that either r̂ n − β p̂n ≤ 0 for all n or that r̂ n − β p̂n ≥ 0 for all
n.

Consider the first case. Then in the limit, as noise vanishes, the limit point (p̂, r̂) must
satisfy r̂ − β p̂ ≤ 0 and
0 = [(n − 1 − β)p̂ − (n − 1)(c + m) + r̂]q ′ (p̂i )

0 = (n − 1)(r̂ + m)q ′ (p̂)

so that (if m ≤ 0) r̂ = −m and p̂ = ((n − 1)c + nm)/(n − 1 − β). The condition r̂ − β p̂ ≤ 0
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is satisfied if and only if m ≥ m̄.
Consider the second case next. Then in the limit, as noise vanishes, the limit point (p̂, r̂)
must satisfy r̂ − β p̂ ≥ 0 and
0 = (n − 1)(p̂ − (c + m))

0 = (r̂(n − 1 − 1/β) + p̂ + (n − 1)m)q ′ (r̂/β)
so that p̂ = c + m and r̂ = −β(c + nm)/((n − 1)β − 1). The condition r̂ − β p̂ ≥ 0 is satisfied
if and only if m ≤ m̄.
Proof of Proposition 10.
[i] The result on call and reception charges follows exactly the analysis under passive
expectations. With noise both first-order conditions w.r.t. call and reception charges (while
keeping market share constant by adjusting the fixed fee) are necessary. The limiting case of
vanishing noise yields thus exactly the same variable prices as under passive expectations in
Proposition 9. In order to determine the fixed fee, we need to take into account that market
shares respond differently to changes in fixed fees under responsive expectations. In order
to emphasize the fact that we are now assuming responsive expectations, we will use αei to
denote market share. Profit of firm i is, as before,
πei = αei (Fi − f + (1 − αei )(p̂ + r̂ − c)D(p̂, r̂)).

Under responsive expectations the change in market share after a change in fixed fee is
different: ∂ αei /∂Fi 6= ∂αi /∂Fi . Subscribing to network j yields surplus
Hence, for j 6= i
and

Note that

Using

wj = αej v ∗ + (1 − αej )v̂ − Fj .
∂wj
∂ αej ∗
=
(v − v̂)
∂Fi
∂Fi
∂wi
∂ αei ∗
=
(v − v̂) − 1.
∂Fi
∂Fi
∂ αej
1 ∂ αei
=−
.
∂Fi
n − 1 ∂Fi

αei (1 − αei )
∂ αei
=
∂Fi
µ
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∂wi ∂wj
−
∂Fi
∂Fi



we obtain

∂ αei
−αei (1 − αei )
=
.
∂Fi
µ − αei (1 − αei )(v ∗ − v̂)(n/(n − 1))

At the symmetric equilibrium αei = 1/n so that

−(n − 1)
∂ αei
=
.
2
∂Fi
µn − n(v ∗ − v̂)

From the first-order condition 0 = ∂e
π /∂Fi we obtain
F̃ =
Hence,

−1/n
n−2
+f −
(p̂ + r̂ − c)D(p̂, r̂).
∂ αei /∂Fi
n

F̃ = f +
and
π̃ ∗ =

nµ
v ∗ − v̂ n − 2
−
−
(p̂ + r̂ − c)D(p̂, r̂)
n−1
n−1
n

v ∗ − v̂
1
µ
−
+ 2 (p̂ + r̂ − c)D(p̂, r̂).
n − 1 n(n − 1) n

Substituting the equilibrium off-net call and reception charges yields

n2

∂e
π
n ∂v̂
∂
=
+
[(p̂ + r̂ − c)D(p̂, r̂)]
∂m
n − 1 ∂m
∂m


n
∂(p̂ + r̂)
∂D
′ ∂D
=
(1 + β)u
−
D − (p̂ + r̂)
n−1
∂m
∂m
∂m
∂(p̂ + r̂)
∂D
D + (p̂ + r̂ − c)
+
∂m
∂m

Note that at m = m̄, p̂ = r̂/β = c/(1 + β), so that p̂ + r̂ = c and u′ = c/(1 + β) (both
when taking the derivative from the right and from the left). Hence,
n2

∂e
π
∂m

=
m=m̄

−D ∂[p̂ + r̂]
,
n − 1 ∂m

which is negative (positive) when taking derivative from the right (left), as p̂ + r̂ obtains the
minimum at m = m̄. This proves that a (local) maximum is obtained at m̄.
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