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ABSTRACT
Capacity of wireless data services offered by GPRS and
EDGE is critically limited and cannot keep up with the
rising demand. The technical approaches taken to allevi-
ate the problem are not sufficient to encounter a complete
range of incoming traffic scenarios. In this paper, we de-
fine and study analytically a performance model for wire-
less data services that combines the effect of pricing incen-
tive as an additional strategy for encouraging a more effi-
cient usage of limited network resources. We propose the
novel pricing scheme, namely dynamic pricing with “Al-
ternatives”, that not only provides the incentive for users
to utilize network resource in the way that conforms to the
network traffic condition but also potentially gains more
user satisfaction by offering pricing preference. The per-
formance results verify that the new pricing scheme signif-
icantly improves the system performance and potentially
yields users’ satisfaction.
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1 Introduction

Recent cellular technologies such as GPRS and EDGE have
revolutionized mobile services from voice-intensive ser-
vices to multi-service. Mobile users are now not only us-
ing their mobile phone to make phone calls but also check
emails, browse web pages, download music, etc. New ap-
plications have caused a significant increase in demand of
data services in mobile networks. However, the capacity of
GPRS and EDGE for data services are critically limited and
cannot keep up with the rising demand. Network engineers
have put a lot of effort on the channel allocation scheme
and spectrum usage in order to allocate resources to users
more efficiently [1]. However, due to voice traffic (which
has the right of priority and preemption over data traffic in
the GPRS and EDGE), the network could be overwhelmed
by high volume of customers’ voice calls resulting in seri-
ous service degradation of data services. There is enormous
research going on that investigates the integration of mixed
services, especially voice and data, proposing approaches
to improve data services. In [2], an analytical Markov

model was investigated to provide the number of packet
data channel that should be allocated for GPRS under a
given amount of traffic, for guaranteed quality of service.
In [3], Mahdavi et al. have investigated a GPRS Markov-
based model that performs complete sharing scheduling of
real and non real-time services. Also, a novel expeditious
computational algorithm for a GPRS model is proposed in
their work.

The above network allocation schemes can improve
the system performance within a certain dynamic range of
incoming traffic. However, when the traffic arrival rate is
temporarily very high, such as during the busy hours, the
difference between peak and off-peak demand for services
can be of a magnitude of 20 to 1 [4]. Therefore, these
schemes described earlier cannot guarantee quality of ser-
vice, no matter how the parameters are adjusted [5]. The
fact that users are insensitive to network traffic condition
allows us to determine other approaches that could influ-
ence the usage of data users to conform to level of network
load. In commercial networks, pricing has been proved to
be an effective mean to resolve the problem of scarce re-
source allocation. Network users are inherently price sen-
sitive. Via prices, the network could send signals to the
users, providing them with incentives that influence their
behavior and decisions [6]. Pricing thus could become an
effective mean to perform traffic management and conges-
tion control. Such schemes are known asdynamic pricing
schemes. In a dynamic pricing scheme, call prices change
as demand fluctuates [7]. Prices rise in accordance with
demand, deterring additional users from accessing the net-
work or holding network resources for long periods, during
congestion time. Therefore, such schemes create users’ in-
centive towards an efficient network usage.

Despite the beneficiary of dynamic pricing, it is hard
to come up with a tariff that mobile users can accept since
there is no guarantees (at the time of congestion) that users
would get their services at their expected price [8, 10]. In
this paper, we propose a pricing scheme that offers mobile
users choices of pricing scheme (“alternatives”) by either
performing data services with higher prices based on a dy-
namic pricing scheme or holding on to the conventional
scheme (flat rate) with acceptable degradation in perfor-
mance. We argue that, by offering mobile users choices
in pricing schemes, they would be more satisfied than in a



case of traditional dynamic pricing scheme. The paper is
organized as follows. In Section 2, we describe the draw-
backs of dynamic pricing in mobile networks and introduce
the concept of the proposed pricing scheme as a solution to
the problem. In Section 3, our proposed model for dynamic
pricing with “alternatives” is presented and the parameters
involved are defined. Section 4 shows numerical results of
our pricing model. In Section 5, we present the conclusion
of our work.

2 Dynamic Pricing with “Alternatives”

We believe that mobile users are “selfish” (in terms of net-
work usage) and price-sensitive. If we deploy dynamic
pricing during the time of congestion, those users who will
accept the dynamic prices (higher than normal) are the ones
who are in immediate need for the service. As for the rest of
the users, they would find the dynamic price unacceptable
and leave the network. Some of them might try accessing
the system again; some of them might not. As the system
operates, the network will be less congested with the cost
of dissatisfied users who cannot afford the dynamic prices.
Therefore, mechanisms that appropriately handle this situ-
ation of users are needed.

In our proposed pricing scheme, namelyDynamic
Pricing with “Alternatives”, we argue that, by offering the
choices of pricing schemes, data users would be more ac-
cepting to the dynamic pricing. Network would be able
to provide users with incentives that influence their deci-
sions. The proposed scheme is similar to the Priority pric-
ing scheme in [9] in the sense that users are allocated net-
work resources based on their priority (or prices that they
pay for the service). However, the proposed pricing scheme
is different in that we guarantee certain amount of resource
to low priority users (users paying flat prices or conven-
tional users). Therefore, they would not be starved when
there is large number of high priority users. It is true that
we could lose some economic efficiency by guaranteeing
some resource for low priority users but we could gain
more acceptance of pricing scheme by offering the choices
of pricing schemes (Dynamic or flat pricing). To ensure
that users are deterred from using flat pricing as default,
network would treat the users who choose dynamic pricing
with superior quality compared to the users who choose flat
pricing. We will explain in the next section the details of
our proposed pricing scheme and how we can demonstrate
the network performance of wireless data services.

3 A Dynamic Pricing Model with Alterna-
tives for Wireless Data Services

The proposed pricing scheme is applied to the Markov
Modulated Poisson Process (MMPP) which is suitable to
describe the integration of mixed services. The model can
be used to represent the next generation wireless networks,
such as GPRS and EDGE. We first describe the model and

its parameters. Then, we describe how we can incorporate
our proposed pricing scheme into the model.

3.1 Model Description and Parameters

The model is applied to each pair of spectrum assigned in a
mobile data network. The arriving voice and data calls are
modeled according to two mutually independent Poisson
processes. Both of them are scheduled to share the same
radio resource. We assume that each spectrum pair is slot-
ted with some fixed slot duration and the number of slots is
N . All N channels can be shared by both voice and data
calls. However, voice calls have the right of priority and
preemption over data calls. The data calls, which cannot
immediately be transmitted, are queued at the source. In
our model, we consider the downlink of the base station as
a FIFO and data calls are handled when channels are avail-
able.

Voice calls can be modeled as M/M/N/N [11] regu-
lated by the erlang-B formula, whereN is the number of
channels. The arrival of voice calls is modeled as a Poisson
process with an arrival rate ofλv and a service rate ofµv.
Packets from voice traffic have higher priority over data
packets. If there is no channel available, the channel that
is in use by data users will be reallocated to voice packets
and will be released right after the voice call is terminated.
For the data calls, each call request is processed and if it
is accepted, the session for that data call is initiated. The
data requested by the data users comes in bursts. We as-
sume that our single cell has a maximum number of data
users,M , and each of them has a data session to transmit.
The inter-arrival time is exponential distributed with rate
λd and burst length1/µd.

Since arrival packets from both voice and data users
share the same resources, they are correlated. We can
model the employed traffic by using a Markov-modulated
Poisson Process (MMPP) [12]. The MMPP has been ex-
tensively employed for modeling traffic processes with a
time-varying arrival rate. Its main advantage is the ability
to capture some of the important correlations between the
inter-arrival times. In our model, we assume that if there
are i data users in the queue,M − i users are in reading
mode. Therefore, the set of arrival rates of data users is

λi = (M − i)λd (1)

wherei= 1, 2, ...,M − 1.
The set of service rate of data users is

µi = (N − i)µd (2)

wherej= 0, 1, 2, ...,N .

3.2 Dynamic Prices

In this subsection of the paper, dynamic pricing with alter-
natives applies to data calls only. Since GPRS and EDGE
networks provide best-effort data services, we measure the



congestion of data services by examining the number of
data users in the system. The reason why we choose this
parameter as the congestion indicator is explained at the
end of this subsection. The pricing scheme will be initiated
when the number of data users increases up to a certain
level that indicates a situation of congestion (C users in the
model). Data users will be informed regarding charges for
the congestion period. The choice of prices being offered
to users are either dynamic usage-based prices or flat-rate
usage-based prices. The dynamic prices change accord-
ing to network traffic condition while the flat-rate prices do
not change during congestion time. When network experi-
ences congestion, users will be offered the choices of the
pricing scheme. Then, the system stores the records and
notify AAA servers to charge users according to their pric-
ing decisions. However, the system would still treat the
traffic from both types of users without any difference un-
til the number of data users reachesL users. At this point,
only packets from priority users will be served. The pack-
ets from conventional users will be delayed until the num-
ber of data users in the system drops belowL. We can see
that when the number of data users is betweenC andL,
the conventional users are still being served even though
the system starts to congest. The conventional users pay
lower prices but run the risk of being delayed whenever
severe congestion occurs (number of data users more than
L). Congestion indicator (C) is determined by network op-
erators based on their traffic demand, revenue target, etc..
However, the threshold where the system starts relieving
congestion (L) can be optimized based on prior statistics.
In this paper, the derivation of optimal thresholdL is not
included. However, certain values ofL have been used in
the model to illustrate the effect of pricing scheme on the
overall performance of the wireless networks as we show
in the results section.

The dynamic prices that are offered to users when the
system experiences congestion, can be derived from a de-
mand function. The demand function describes the users’
reaction to the price changes. In our case, the ratio between
dynamic price and fixed price will determine the demand
of each type of users. We use the demand function that
appears in [13] since it is used for different priority users,
which fits our model. The demand function is as follows:

q = e−(
ph
po

−1)2 , ph ≥ po (3)

wherepo is the flat-rate prices andph is the price
charged to priority users. Therefore,

ph = po +
po

√

−4ln(q)

2
(4)

The percentage of users paying dynamic price (q) as
described above would affect the arrival process of data
calls during congestion. When the number of data users
reachesL, only traffic from priority users will be served.
Hence, the arrival rate of data calls from (1) becomes:

λ∗

i = λi · qi (5)

whereλ∗

i is the arrival rate of data users in a con-
gested system wheni data users are in the system,qi is the
percentage of users paying the dynamic price.qi is deter-
mined by the system, based on the pricing policy.qi can be
simply set up as follows:

qi = (M − i)∆q (6)

wherei = L,L + 1, .,M .
∆q is the percentage change of users paying dynamic

prices, when the Markov chain changes by one state to-
wards maximum number of data users, andL is threshold
mentioned earlier.

The reasons we choose the number of data users as
a congestion indicator rather than the number of available
traffic channels can be explained as follows: most priority
schemes for data services can starve the resource of low
priority users if the number of available channels used as
a congestion indicator. During congestion time, available
network resource is extremely low. Most of incoming pack-
ets are placed in a queue waiting to be served. By using the
traffic channels as the congestion indicator, network would
allow only priority users to take advantage of the network
resource; the conventional users are pushed back until the
number of available traffic channels are met. The scheme
does not react well to the arriving traffic and yields an ex-
cessive delay to conventional users. By using the number
of users in system as the congestion indicator, the system
can start serving conventional users at the first sight of con-
gestion reduction (the number of users in the queue is re-
duced). Coupled with pricing, the proposed scheme can
effectively resolve congestion situations and yield users’
satisfaction. In this paper, for simplicity, we assume that
each data users generate the same traffic pattern into the
mobile networks.

3.3 State balance equations and perfor-
mance parameters

Fig. 1 illustrates the state diagram of a MMPP, which is a
two-dimensional Markov chain. The vertical states repre-
sent states of traffic channels used by either voice or data
calls. The horizontal states represent states of active data
users. The dynamic pricing will be initiated whenC data
users has been reached. At that point, the system is con-
sidered being congested. However, only until the number
of data users reachesL, the system would relieve the con-
gestion by serving only packets from priority users. From
Fig. 1, whenL data users are in the system, the arrival rate
of the system would be affected by the dynamic pricing
scheme with alternatives resulting in changes of the arrival
rate in the system as in (5). As the state of the system
reachesM , the arrival rate of the system would decrease
due to the increase in the dynamic prices. Thus, we can
expect fewer priority users during the congestion time.



Figure 1. State Diagram of MMPP for dynamic pricing
with alternatives.

From fig. 1, we can now set up the state balance equa-
tions as follows:
For i = 0 and j = 0

(λv + λ0)P0,0 = µvP0,1 + µ0P1,0

For i = 0 and j = j

(λv + λ0 + jµv)P0,j = (j + 1)µvP0,j+1 + µjP1,j +
λvP0,j−1

For i = 0 and j = N

(λ0 + Nµv)P0,N = λvP0,N−1

For i = i and j = 0

(λv +λi+µ0)Pi,0 = µvPi,1+µ0Pi+1,0+λi−1Pi−1,0

For i = i and j = j

(λv + λi + jµv + µj)Pi,j = (j + 1)µvPi,j+1 +
µjPi+1,j + λvPi,j−1 + λi−1Pi−1,j

For i = i and j = N

(λi + Nµv)Pi,N = λvPi,N−1 + λi−1Pi−1,N

For i = L and j = 0

(λv + λLqL + µ0)PL,0 = µvPL,1 + µ0PL+1,0 +
λL−1PL−1,0

For i = L and j = j

(λv + λLqL + jµv + µj)PL,j = (j + 1)µvPL,j+1 +
µjPL+1,j + λvPL,j−1 + λL−1PL−1,j

For i = L and j = N

(λLqL + Nµv)PL,N = λvPL,N−1 + λL−1PL−1,N

For i = M and j = 0

(λv + µ0)PM,0 = µvPM,1 + λM−1qM−1PM−1,0

For i = M and j = j

(λv + jµv + µj)PM,j = (j + 1)µvPM,j+1 +
λvPM,j−1 + λM−1qM−1PM−1,j

For i = M and j = N

NµvPM,N = λvPM,N−1 + λM−1qM−1PM−1,N

From the state balance equations, we can ob-
tain the steady-state probability of MMPP. LetP =
[P0, P1, . . . , Pi, . . . , PM ] denote the state probability vec-
tor, wherePi = [Pi,0, Pi,1, . . . , Pi,N ] . Then,P can be
found as the solution of the state equationP ·K = 0, along
with the normalization condition whereK is the infinitesi-
mal generating matrix of the MMPP, which is constructed
from the state balance equation derived above and is the
usual column vector of 1’s. MatrixK is a r × r matrix,

wherer = (M + 1)N is the number of states. Matrix
K can be constructed from the state balance equation de-
scribed above, which has the following structure [12].

K =

























A0 V0 0 . . . . . . . . . . . . 0

U1 A1 V1 0 . . . . . . . . .
...

0 U2 A2 V2 0 . . . . . .
...

... . . . . . . . . . . . . . . . . . . 0

... . . . . . . . . . . . . UM−1 AM−1 VM−1

0 . . . . . . . . . . . . 0 UM AM

























(7)
whereAj , Uj andVj are submatrices of sizeN × N

derived from balance equations.
Given the state probability vector,P , we can calcu-

late performance parameters, such as loss probability, av-
erage queue length, the variance of the queue size and the
average waiting time in the queue as follows:

Loss Probability =

M
∑

i=0

Pi (8)

Average queue length = Lavg =
M
∑

i=1

iPi (9)

V ariance of the queue size =

M
∑

i=0

i2Pi − L2
avg (10)

Average waiting time in queue =
Lavg

λd(M − Lavg)
(11)

4 Performance Analysis

In this section we evaluate the performance of the proposed
dynamic pricing with alternative for Wireless data services.
We observe that the proposed pricing model can signifi-
cantly reduce the waiting time of data services which yields
better quality of service. In Section 4.1 we describe in de-
tail the basic assumptions and parameters used in the dy-
namic pricing model for GPRS data services and the result
of our analysis is shown in Section 4.2.

4.1 Assumptions and parameters

We assume that the mobile base station handles circuit-
switched voice calls and packetized data calls. The arrival
rate of both incoming calls is Poisson and Exponentially
distributed. The handoff calls into the system are han-
dled differently at each base station. The handoff call han-
dling is not included in this paper and will not follow the
same procedures as the call initiated within the base station.
The system queues are FCFS queues. The parameters used
throughout our analysis are typical in the common practice
of wireless networks. We assume that:

• There are 30 traffic channels (N ) in total.



• The average call holding time for voice calls is expo-
nentially distributed with mean 120 seconds.

• The average session time for data calls is exponen-
tially distributed with mean 150 seconds.

• The parameterq used in the balance equations can be
derived from (6) and∆q is 1/30.

• The thresholdL is the point where only traffic from
priority users will be served. The arrival rate of data
users will be affected by pricing incentive.

• Voice call blocking probability is 1 percent.

4.2 Numerical Results

One of the performance parameters that is crucial in wire-
less data services is the average queue waiting time. Since
GPRS and EDGE are based on best-effort IP services,
system performance is measured by the time that packets
spend to actually reach the destination. During congestion
time, packets are likely to spend most of their transmission
time in queues. Average waiting time would mostly indi-
cate the QoS of the system. Fig. 2 illustrates the average
waiting time of the MMPP model as maximum number of
data users allowed (M ) in the system increases. The curve
on top illustrates the average waiting time of the system
when the thresholdL equal to 30 which represents the sce-
nario when we do not deploy any pricing scheme (L does
not affect the arrival process). The other two lines repre-
sent the cases whenL equals to 15 and 5 respectively. They
represent high and low threshold respectively. As we allow
more data users into the system, the average waiting time
increases as expected. However, by deploying pricing, we
can reduce the average waiting time in the queues improv-
ing the overall performance of the networks. The result
is more significant when congestion threshold is stricter,
i.e., small threshold. Regarding to the thresholdC, it does
not affect the performance of the mobile networks but it
does affect the revenue generated from the services. The
proposed scheme offers dynamic prices to users before the
network actually take any actions. Thus, the low priority
users would be informed of the network congestion and
prepared for the service degradation. However, they would
still be able to continue using the network as long as se-
vere congestion does not occur, which is the purpose of our
proposed scheme. For the priority users, we can see that
the price incentive influences the usage of data users which
directly affects the arrival rate of the system, resulting in
decrease in the number of packets transmitted into the sys-
tem and decrease in queue waiting time.

Fig. 3 illustrates the average queue waiting time when
the maximum number of data users allowed in the system
is fixed at 30. It shows how thresholdL affects the average
queue waiting time of data users. Note that whenL equals
30, the average queue waiting time would be the same as
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Figure 2. Average waiting time in queue for data users un-
der dynamic pricing with alternatives.
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Figure 3. Average waiting time as threshold (L) increases
(M=30).

that of the network without pricing incentive since maxi-
mum number of data users allowed also equal to 30. We
can see that there is significant reduction of waiting time
when thresholdL drops from 13 to 5. Fig. 4 shows the
variance of the queue size derived from (10) as threshold
L increases. The smaller the thresholdL is, the earlier the
state that pricing incentive would affect the system, result-
ing in a reduction of the variance of number of users. We
can see that, by introducing pricing incentives to data users,
the fluctuation of incoming users would be reduced. In the
other words, the proposed pricing scheme shapes the in-
coming traffic to match limited resources of the networks.

5 Conclusion

The main contribution of this paper is a performance model
of mobile data services that combines the effect of pricing
incentive as an additional strategy for encouraging efficient
usage of limited network resources. We propose a novel
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Figure 4. Variance of the queue size as threshold (L) in-
creases (M=30).

pricing scheme that provides the incentive for users to uti-
lize the network resource more efficiently. More impor-
tantly, due to this pricing scheme, more user satisfaction
and revenue could be gained. Dynamic pricing with alter-
natives offers choices to data users. Mobile users are po-
tentially more satisfied with the fact that they can choose
whether they want to be served quickly by being prior-
ity users with high service charges or conventional users,
who get the flat rate with some QoS degradation. The
proposed scheme employs dynamic resource allocation ac-
cording to the demand of each user group. Starvation of
low priority users (conventional users) can be minimized.
This reflects more fairness than the Priority Pricing scheme.
The result from the performance model shows that, we
can significantly improve network performance with our
proposed pricing scheme. The system waiting time is re-
duced significantly. Since our proposed pricing scheme for
packet-switched services employs the number of users in
the system as congestion indicator, the network would react
quickly to the congestion and retain its normal operation as
soon as the congestion is resolved.

As described earlier, we assume that data users would
generate the same traffic pattern into mobile networks.
In reality, we know that this is not always the case. If
the traffic pattern are very different among mobile users,
the performance of our proposed pricing scheme that em-
ploys number of users as congestion indicator could be
drastically changed. However, there are certain papers
where authors have already conducted measurements of
the real-time sessions of mobile networks such as GPRS
and EDGE. In [14], Kilpi illustrates the cumulative ses-
sion volume of a large number of GPRS sessions, giving
an overview of typical GPRS sessions. The result shows
that the typical GPRS sessions are small (hardly more than
1 MB). Therefore, as for GPRS and EDGE, we believe that
our proposed pricing scheme with alternative would yield
significant improvement as described above.
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