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Abstract—Today’s wireless networks are interconnected. A
network provider can charge other network providers access
prices for serving communication sessions originated from other
networks. Meanwhile, a network provider also charges its users
directly for using the network services. This paper looks at
the proper choices of user pricing and access pricing from a
regulator’s point of view. We first derive the social optimal
user prices when the regulator can directly control them. We
characterize and explain how the social optimal user prices
change with network’s market shares and bandwidth costs. When
such direct control is not possible or desirable, we further
derive the regulator’s optimal choice of access prices, which
align the profit-maximizing behaviors of the networks providers
with the social optimality objective. We further characterize the
relationship among the socially optimal access pricing, the market
share, and the users’ utility elasticities.

I. I NTRODUCTION
Today’s wireless networks are interconnected. A subscriber
of one network can communicate with subscribers in many
other networks. Inter-network communications bring benefits
to all networks involved, as no single network needs to
build an infrastructure covering the entire market. However,
serving users from other networks brings negative impacts on
a network’s own available resource. This can be compensated
by the access pricing charged between network providers.
Meanwhile, a user who initiates a communication session
needs to pay the user pricing to its own network provider.
This paper focuses on the interaction between user pricing
and access pricing in multiple interconnected wireless communication networks. Users communicate with each other through
providers’ base stations. Users experience different channel
conditions to their base stations, and hence require different
amount of network resources to achieve the same data rate.
The uplink and downlink transmissions of the same communication session may also consume different amount of resources
depending on the locations of users and base stations. These
unique features make the analysis more challenging compared
with the existing access pricing study for wireline networks.
In this paper, we study the user pricing and access pricing
issues from a regulator’s point of view. The main results and
contributions of this work include:
•

Wireless market model: we study a market model that
captures the unique wireless relationship among user
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locations, channel conditions, network resources, and the
communication data rates.
Social optimal user pricing: We compute the optimal user
prices that achieve the social optimality, and illustrate
how the user prices change with the network costs and
market shares.
Social optimal access pricing: We show that a regulator
can achieve the same social optimum by setting the access
prices and letting providers determine their user prices
locally. We also characterize the relationship between the
socially optimal access pricing and the market share as
well as users’ utility elasticities.

Our work fills in the gap between the existing studies on
wireless network competitions and network access pricing.
Existing studies on network access prices considered either
a traditional wireline network [1] or a hybrid market of a
wireline telephone network and a wireless cellular network [2].
References [3], [4] studied how to determine the access pricing
among hierarchical Internet Service Providers with a specific
traffic model. None of the above results captured the impacts
of channel conditions and transmission power. Existing work
on wireless network competition (e.g., [5]–[8]) did not consider access prices between operators. Reference [9] studied
the access price in mobile networks without considering users’
different channel conditions. Moreover, the access pricing in
[9] is on a per call basis and does not consider the impact of
flexible data rate.
Next, we will introduce the system model in Section II.
Sections III and IV demonstrate how the regulator can compute
the social optimal user pricing and access pricing. We finally
conclude in Section V.

II. S YSTEM M ODEL
A. Wireless Market Model
Following the tradition of network access pricing literature
(e.g., [1]), we adopt a one-dimensional market model as in
Fig. 1. There are two networks, each represented by a base
station at one end of the market. Users are uniformly located
along the segment [0,1]. The average channel gain between a
user and a base station follows the large-scale distance based
attenuation. To avoid having an infinitely large channel gain,
the base-stations are ϵ0 away from their closest users. In the
rest of the paper, we use the terms “network”, “provider”, and
“base station” interchangeably.
We assume that the user-network associations are fixed,
such that users in [0, m] subscribe to network 1 and users in
[m, 1] subscribe to network 2. This means that network 1 has a
market share of m, and network 2 has a market share of 1−m.
Reference [11] illustrates one such example, where some part
of California is covered by AT&T but not Verizon (and vice
versa). The analysis based on this restrictive assumption of
fixed market share will help us understand the more general
scenario of flexible market share.
B. User’s Utility, Payment, Payoff, and Demand
A one-way data communication session involves a source
user and destination user. The session is intra-network when
both users belong to the same network, or inter-network when
the two users belong to different networks. We adopt the α-fair
utility function [10] to represent the quality of service (QoS)
of a session in terms of its data rate y,
y 1−α
,
1−α
where the utility parameter α ∈ (0, 1) [1].
If a source user i belonging to network j starts a session
with the data rate yij , then it pays network j the user pricing
πj yij .1 The source user i’s payoff (which is also the payoff
of the communication session) is
u(y) =

1−α
yij
ri (yij , πj ) =
− πj yij .
1−α
The optimal demand of data rate that maximizes utility is
−1/α

∗
yij
(πj ) = πj

,

which has a constant elasticity of 1/α. A small α denotes
an elastic application and a large α denotes an inelastic
application. Source user i’s optimal payoff is
1−1/α

πj
1− 1
− πj α ,
1−α
which only depends on the network price πj and is independent of the user’s location. This is desirable in practice, as the
user only needs to keep track of the total data usage instead
of where he conducts the communications.
∗
ri (yij
(πj ), πj ) =

C. Network Costs
A communication session involves both a uplink transmission (from the source user to its network’s base station) and
a downlink transmission (from the destination user’s base
station to the destination user). Each part of the transmissions
involves a cost proportional to the bandwidth consumed. For a
source user i belonging to network j, the relationship between
the transmission rate yij and the consumed bandwidth Bij
depends on the distance between the user and the base station
dij , the uplink transmission power per unit bandwidth P u , and
the background noise density n0 . We assume an Orthogonal
Frequency Division Multiple Access scheme with equal power
allocation, and no two users (either in a same or different
networks) interfere with each other. Thus
(
)
P u hij (dij )
yij = Bij log 1 +
,
n0
where hij (dij ) is the channel gain depending on the distance
dij . One possible choice is hij (dij ) = dij1 β , where β is
the channel attenuation factor (usually between 2 to 4). The
analysis in this paper can be generalized to other distance
based channel models as we keep the function hij (dij ) abstract
most of the time. The total bandwidth cost for supporting
this uplink transmission is cj Bij . The cost for the downlink
transmission can be computed similarly, except that P u will
be replaced by P d and cj will be replaced by the cost of the
corresponding network. For notation simplicities, we denote
(
)
P d hij (dij )
g d (dij ) ≡ log 1 +
,
n0
(
)
P u hij (dij )
g u (dij ) ≡ log 1 +
.
n0
Let us compute the total cost of serving one communication
session. If source user i at location di is with network 1, then
network 1’s cost of the uplink transmission is:
(

c1 Bi1 = c1

log 1 +

assume that the destination node does not need to pay the user
pricing. This is similar as the pricing of multimedia messaging services in
may countries today.

P u hij (di )
n0

) = c1

yi1
.
g u (di )

Serving a user close-by (with a small value of di and thus
a larger g u (di )) costs less compared with serving a user far
away. For the downlink traffic, since the destination may
be with network 1 or network 2, we need to compute the
expected downlink cost. In our model, users are uniformly
distributed along the segment [0,1], and each of them will
have
expected cost is
∫ mequal probability of receiving data.
∫ 1−mThe
yi1
c1 0 gydi1
dr
to
network
1
and
c
dr to network
2
d
0
(r)
g (r)
2. Hence, the total expected cost to support a session initiated
by a user i located at di in network 1 with data rate yi1 is:
yi1
+ c1
c1 u
g (di )

∫m
0

1 We

yi1

yi1
dr + c2
g d (r)

1−m
∫

yi1
dr.
g d (r)

0

The first two terms are related to network 1 and the third term
is related to network 2.
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Fig. 2. Illustration of the access pricing. Left: To complete an inter-network
traffic initiated from network 1, network 2 charges network 1 a2 per unit of
bandwidth. Right: the access price a1 is defined similarly.
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In the rest of the paper, we denote
∫ m
∫ m
1
1
d
B u (m) ≡
dr
and
B
(m)
≡
dr,
u (r)
d (r)
g
g
0
0
which represent the average bandwidth needed to serve one
unit of uplink and a downlink transmission of a network with
a market share m, respectively.
D. Access Price
For an inter-network session, the network with the destination user cannot charge the source user, but bears the cost of
the downlink transmission. To compensate this additional cost,
the destination network charges the source network an access
pricing. As illustrated in Fig. 2, to complete an inter-network
session initiated from network 1, network 1 pays network 2
a2 per unit of bandwidth consumed in network 2. The access
price a1 is defined similarly.
III. S OCIAL O PTIMAL U SER P RICING
A regulator cares about the social welfare, which is the
total payoffs of all entities in the market, i.e., the total user
utility minus the total network cost. The payments (either from
users to networks or between networks) are internal transfers
and do not affect the social welfare. However, a regulator
typically cannot directly control how much resources that users
consume. In this section, we will look at the case where the
regulator maximizes the social welfare by controlling the user
pricing π1 and π2 .2
The social welfare SW (π1 , π2 , m, c1 , c2 ) is:
1

1

π1 α− α
π2 α− α
SW (π1 , π2 , m, c1 , c2 ) = m
+ (1 − m)
1−α
1−α
1
−α

− π1

1
−α

f (m, c1 , c2 ) − π2

f (1 − m, c2 , c1 ), (1)

where f (m, cj , c−j ) represents the total cost in serving sessions originated from network j of a market share m,
f (m, cj , c−j ) = cj B u (m) + mcj B d (m) + mc−j B d (1 − m).
Here c−j denotes the per unit bandwidth cost of the network
other than network j. For example, if j = 1, then c−j = c2 .
The regulator’s objective is to choose π1 and π2 to maximize
the social welfare. From (1), it is clear that the social welfare
2 The

access prices a1 and a2 cancel out and do not affect social welfare.
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Fig. 3. Social optimal user price π1S of network 1 with different market
d
u
share m and cost c1 . Here hij (dij ) = d−3
ij , P = P = 1, and c2 = 1.

is decoupled across π1 and π2 . We can also show that the
social welfare is quasi-concave in both π1 and π2 , and thus
the optimal user prices can be obtained through solving the
first order conditions.
Proposition 1: Socially optimal user prices are π1S =
f (m, c1 , c2 )/m and π2S = f (1 − m, c2 , c1 )/(1 − m).
Observation 1: The social optimal user prices do not depend on the utility parameter α.
Proposition 1 works for any channel function. Next, we
study the impacts of market share and bandwidth costs with a
particular choice of channel function of hij (dij ) = d−3
ij . We
have two observations from the results in Fig. 3.
Observation 2: A network’s social optimal price first decreases and then increases with its market share.
Figure 3 illustrates this observation for network 1, which
has a market share m. When m is small, only users close
to BS1 are associated with network 1 (see Fig. 1). Since the
average channel condition of these users to BS1 is high, the
average cost of serving one unit of data rate is low. When the
market share m increases, it is beneficial for the regulator to
decrease the price π1S to induce more demands of the users,
which increases users’ utility with a relatively small increase
in the total cost.
When the market share m is large, many users associated
with network 1 are located far away from BS1, and thus
the average cost of serving users is high. Any additional
user joining the network due to the increase of market share
requires the highest cost to serve. As a result, it is beneficial
for the regulator to increase the price so as to decrease the
operational cost, with a small penalty of users’ utility decrease.
Comparing three curves in Figure 3, we have the following.
Observation 3: A network’s social optimal price increases
in its bandwidth cost.
IV. S OCIAL O PTIMAL ACCESS P RICING
Very often the regulator cannot even control the user pricing
in practice. This may be due to the complexity of the regulation, or due to the fact that the government just does not want

A. Networks’ Profit-Maximizing User Pricing Given Fixed
Access Prices: π1∗ (a1 , a2 ) and π2∗ (a1 , a2 )
We begin by deriving the network profits. Consider a session
originated from a user i located at di in network 1. Network
1’s profit from this session equals the payment received from
user i minus the total expected cost for either an intra-network
session and an inter-network session, i.e.,
1− 1
π1 α

−1

π α
− c1 u1
− c1
g (di )

∫m

−1

π1 α
dr − a2
g d (r)

0

1−m
∫

−1

0

0

Combining the above analysis, the profits of network 1 (R1 )
and of network 2 (R2 ) are
1
1− α

1
−α

− ma2 π1

1
−α

− c1 π1

1
−α

B u (m) − mc1 π1

1
−α

B d (1 − m) + (1 − m)(a1 − c1 )π2

B d (m)

B d (m)

and
1
1− α

R2 (π1 , π2 ) = (1 − m)π2
1
−α

− (1 − m)c2 π2

1
−α

− c2 π2

B u (1 − m)
1
−α

B d (1 − m) − (1 − m)a1 π2
1
−α

+ m(a2 − c2 )π1

B d (m)

B d (1 − m).

By optimizing R1 over π1 and optimizing R2 over π2 , we
have the following results.
Proposition 2: For any given access prices a1 and a2 set by
the regulator, networks 1 and 2 set the following user prices
to maximize their individual profits,
π1∗ (a2 ) =
and
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Fig. 4. Social optimal user price π1S and profit-maximizing user price π1∗ with
different values of market share m and utility parameter α. Here hij (dij ) =
d
u
d−3
ij , P = P = 1, and c1 = c2 = 1.

π1 α
dr.
g d (r)

For an inter-network session originating from a user i
located at di in network 2, network 1’s profit equals the access
price payment received from network 2 minus the cost in
supporting the downlink communication, i.e.,
∫m −1
π2α
(a1 − c1 )
dr.
g d (r)

R1 (π1 , π2 ) = mπ1

6

User prices

to micro-manage the telecommunication industry. However,
the regulator can still achieve the social optimality by setting
the access pricing.
Mathematically, we can model the system as a two-stage
decision process. In stage one, the regulator determines the
access pricing a1 and a2 between two network operators. In
stage two, each network j chooses the user pricing πj to
maximize its profit, given a1 and a2 . We will look at the stage
2 problem first.

c1 B u (m) + mc1 B d (m) + a2 B d (1 − m)
,
m(1 − α)

(2)

Before studying the regulator’s optimal choice of access
pricing, let us consider the case where no access pricing is
set, i.e., a1 = a2 = 0. We can compare networks’ profit
maximizing user pricing (π1∗ and π2∗ ) with the social optimal
user pricing (π1S and π2S ) computed in Section III.
Observation 5: With a1 = a2 = 0, the profit-maximizing
user prices π1∗ and π2∗ always lead to a smaller social welfare
comparing with the one achieved under π1S and π2S , except for
one value of the market share.
Figure 4 shows the social optimal user price π1S (which is
independent of the utility parameter α as shown in Observation
1) and the profit-maximizing user price π1∗ for three different
values of α under different market shares. For each choice
of α, π1∗ only intersects with π1S once, and the prices are
different for all other values of m. For example, when α = 0.2
and market share m < 0.55, we have π1∗ < π1S and users’
demand is larger in the profit-maximizing case than in the
social optimal case. It is the other way around when m > 0.55.
Neither case is desirable from the regulator’s point of view.
B. Social Optimal Access Pricing: aS1 and aS2
Now consider the stage 1 problem. The regulator can set the
proper access pricing aS1 and aS2 so that the networks’ profitmaximizing behavior is aligned with the social optimality
objective, i.e., π1∗ (aS2 ) = π1S and π2∗ (aS1 ) = π2S .
By comparing the values of π1S and π2S in Proposition 1 and
the values of π1∗ and π2∗ in (2) and (3), we have the following.
Proposition 3: The social optimal access prices are

(1 − m)(1 − α)π2S − c2 B d (1 − m) c2 B d (1 − m)
c2 B u (1 − m) + (1 − m)c2 B d (1 − m) + a1 B d (m)
aS1 =
−
,
.
=
(1 − m)B d (1 − m)
B d (m)
(1 − m)(1 − α)
m(1 − α)π1S − c1 B d (m)
c1 B d (m)
(3)
aS2 =
−
,
Observation 4: A network j’s profit-maximizing user pricmB d (m)
B d (1 − m)
∗
ing πj depends on the rival network’s access pricing a−j and
where π1S and π2S are defined in Proposition 1.
is independent of its own access pricing aj .
π2∗ (a1 )

1

smaller α (e.g., a higher elasticity) means a higher optimal
access price (under the same market share). Since today’s
wireless networks are becoming more data-centric, we can
expect that the overall users’ utility functions (determined by
the applications) will become more elastic and thus the optimal
access price will become higher.
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Figure 5 shows the social optimal access price aS2 with
different market share of network 1 m and utility parameter
α. We have the following observation.
Observation 6: The social optimal access price of a network decreases in its rival network’s market share.
Observation 6 can be explained as follows. When a network’s market share (e.g., m of network 1) increases, its
average bandwidth cost of serving users also increases. Due to
the profit-maximzing nature of the network, it tends to increase
the user pricing (π1∗ ) significantly to compensate such cost
increase (see Fig. 4). Thus the access price charged by the
other network (network 2) should decrease to provide incentive
for the network to maintain the social optimal user pricing.
In fact, in the extreme case where the average cost has
increased so much due to a very large market share, the access
price from its rival network needs to be negative (i.e., network
2 pays to network 1 for using network 2’s resource, as the
case of α = 0.8 and m = 0.6 in Fig. 5) to reach the social
optimality. For example, assume that network 1 is a cellular
network that has a large coverage area, a large market share,
and an average of not very high channel condition to the users.
Network 2 is a commercial Wi-Fi service provider that has a
small coverage area, a small market share, and an average
of excellent channel condition to the users. Then in order
to maintain the social optimal user pricing, i.e., keeping the
user price of the cellular network π1∗ low enough, the Wi-Fi
service provider needs to pay the cellular provider for a file
transfer from a cellular user to a Wi-Fi user, as the cellular
network is bearing most of the network costs in supporting
the communication session. Notice that here we consider the
case where the regulator determines the access pricing; it will
be a quite different story if the networks themselves optimize
the access pricing to maximize their profits.
Observation 7: The social optimal access price increases in
the elasticity of the users’ utilities.
We also note from Fig. 5 that the utility parameter α has
a significant impact on the social optimal access pricing. A

In this paper, we studied the choice of wireless user pricing
and access pricing from a regulator’s perspective. In the case
where the regulator can directly control the user pricing, we
show that a network’s social optimal user pricing is always
increasing in the cost per unit bandwidth. The dependancy on
the market share is more complicated and trades off network
cost and user utility. When the regulator can only control the
access price, we show that it is still possible to achieve the
social optimality after taking the networks’ profit-maximizing
behaviors into consideration. The social optimal access pricing
decreases with the rival network’s market share and increases
in the elasticity of users’ utility functions.
Our results can help to understand the case of multiple
access networks. For example, in the case of three networks,
A, B, and C, where B is located in the middle and the other two
are located at the two ends, from the result of this research
work, we know that the access price set by B decreases as
market shares of A and C increase.
In the future, we will further study a completely deregulated
market, where users can freely choose networks, and networks
can set both the user pricing and access pricing. We will
characterize the loss of social welfare in that case, and find
out the scenarios where regulation is most desirable.
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