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Abstract—General packet radio service (GPRS) is a global sys-
tem for mobile communications (GSM) packet data service. In
order to efficiently accommodate GPRS traffic while maintain-
ing the desired service quality of GSM calls, we propose a GPRS
bandwidth-allocation strategy called the bandwidth-on-demand
(BoD) strategy. The BoD strategy is adaptive to the change of
traffic conditions, and thus can dynamically adjust the number
of channels for GSM and GPRS traffic. Taking the effect of pack-
et dropping due to movements of mobile stations into account,
this paper develops an analytical model to study the BoD per-
formance in terms of GSM-call-blocking probability and GPRS-
packet-dropping probability.

Index Terms—Bandwidth-on-demand (BoD), general packet
radio service (GPRS), global system for mobile communications
(GSM).

I. INTRODUCTION

G ENERAL PACKET RADIO SERVICE (GPRS) [1] is a
global system for mobile communications (GSM) packet

data service, which provides packet-switched access to the
Internet from mobile networks. GPRS shares physical radio
channels with GSM calls. The base station controller (BSC)
can dedicate permanently or temporarily some physical radio
channels for GPRS traffic, and the number of allocated GPRS
channels can be increased or decreased according to demand.
It is important to note that the allocation of physical radio
channels for GPRS traffic should take the required service
quality of GSM traffic into account.

Studies of bandwidth allocation for GSM and GPRS traffic
have appeared in the literature [2]–[4]. In [2], Cai and Goodman
evaluated the performance of multislot operation in terms of
throughput, delay, and blocking by simulation. Ermel et al.
[3] proposed a multidimensional Markov chain model to in-
vestigate the performance of different bandwidth-partitioning
strategies between GSM and GPRS traffic with respect to GSM-
call-blocking probability, achievable data rates for GPRS traf-
fic, and bandwidth utilization. Chitre and Daigle [4] developed
an analytical model to examine the traffic-handling capabilities
of GPRS to support Internet services in terms of throughput
and delay. All of these works [2]–[4] did not consider the effect
of packet dropping caused by movements of mobile stations
(MSs).
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According to the GPRS standard, a packet being queued or
transmitted is immediately dropped if the corresponding MS
leaves the current BSC service area. We note that the packet
dropping has a significant impact on the system performance
of a network with highly mobile users. Taking into account the
effect of packet dropping due to movements of MSs, this paper
proposes a bandwidth-allocation strategy called the bandwidth-
on-demand (BoD) strategy to efficiently accommodate GPRS
traffic while maintaining the desired service quality of GSM
calls. The BoD strategy is adaptive to the change of traffic
conditions, and thus can dynamically adjust the number of
channels for GSM and GPRS traffic. Using the modeling tech-
niques presented in [5] and [6], this paper develops an analytical
model to study the BoD performance in terms of GSM-call-
blocking probability and GPRS-packet-dropping probability.
The analytical model is validated by simulation.

The paper is organized as follows. Section II describes the
BoD strategy. Section III derives GSM-call-blocking probabil-
ity and GPRS-packet-dropping probability. Section IV shows
extensive performance results. Finally, Section V concludes the
paper.

II. THE BOD STRATEGY

Let c be the number of available channels in the BSC and m
be the number of channels designated for GSM calls. In addi-
tion, let g be the number of channels reserved exclusively for
hand-off GSM calls among the m channels. A hand-off GSM
call is accepted as long as there are free channels. On the other
hand, a new GSM call is accepted only if the number of free
channels is greater than g. A GPRS packet is served only if
the number of GPRS packets being served is less than c − m
and there are channels available. Otherwise, it is queued in
a buffer with capacity b. By dynamically adjusting m and g
according to the offered GSM and GPRS traffic loads, the
bandwidth can be utilized more efficiently while satisfying
the quality of service (QoS) requirements for both GSM and
GPRS traffic. As a result, a certain QoS is guaranteed to
GSM traffic and the allocation of bandwidth for GPRS traffic
is done dynamically based on the needs for actual packet
transfers.

Two performance measures are considered in our study:
GSM-call-blocking probability PB (the probability that a GSM
call is blocked) and GPRS-packet-dropping probability PD (the
probability that a GPRS packet is dropped). To determine the
optimum values for m and g, a QoS index Q is defined as

Q = α(1 − PB) + (1 − α)(1 − PD) (1)

where α is a weighting factor and 0 ≤ α ≤ 1. The value of α
depends on the stress laid on the QoS requirements for GSM
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and GPRS traffic, which can be determined using the system
designer’s judgment. When α = 1, the BoD strategy adjusts
bandwidth allocations solely based on the GSM traffic con-
ditions. On the other hand, when α = 0, the BoD strategy
adapts bandwidth allocations only based on the GPRS loading
conditions. For a given value of α, the optimum values of m
and g are the ones that maximize the QoS index Q. The max-
imum admissible value of Q (i.e., Q = 1) is achieved in the
ideal condition when PB = 0 and PD = 0. Consequently, the
core idea of the BoD strategy is to dynamically adjust the val-
ues of m and g based on the traffic load conditions so as to
maximize the QoS index Q.

III. THE ANALYTICAL MODEL

The system under consideration is a homogeneous GSM/
GPRS network, in which all BSCs have the same parameters
(e.g., traffic distribution and mobility pattern). The following
parameters and assumptions are made.

1) The arrivals of new and hand-off GSM calls are Poisson
distributed with rates λv and λh

v , respectively. Notice that
λh

v is correlated with other parameters (e.g., call-arrival
rate, portable mobility, etc.) and can be determined by
using an iterative method proposed in [6].

2) The arrivals of GPRS packets are Poisson distributed with
rate λd. The assumption of Poisson packet arrivals has
been widely used [2], [3]. It is recognized that this as-
sumption may be questioned. Our justification for this
choice lies in its theoretical convenience in light of the
absence of an accurate model for GPRS traffic for obtain-
ing closed-form solutions.

3) The service times of GSM calls and GPRS packets are
exponentially distributed with means (1/µv) and (1/µd),
respectively.

4) The BSC area residence times for GSM and GPRS MSs
follow exponential distribution with means (1/ηv) and
(1/ηd), respectively. Although the residence times are
typically non-exponential in a particular mobile system,
the analysis based on the exponential assumption has
been widely used [7]–[9] and does provide useful mean
value information for the output measures.

The above queueing model can be described by a two-
dimensional continuous-time Markov chain with state sij

where i and j denote the number of existing GSM calls and
GPRS packets in the BSC, respectively. The state space is

{sij |0 ≤ i ≤ m, 0 ≤ j ≤ c − m + b and

m < i ≤ c, 0 ≤ j ≤ c − i + b}.

Let pij be the steady state probability for sij . Using balance
equations, along with the normalization condition

m∑
i=0

c−m+b∑
j=0

pij +
c∑

i=m+1

c−i+b∑
j=0

pij = 1 (2)

the steady state probabilities pij can be solved by using succes-
sive over-relaxation method [10].

A. GSM-Call-Blocking Probability

A new GSM call is granted to access a free channel only if
the number of free channels is greater than g. The new-call-
blocking probability of GSM calls PNB is given by

PNB = 1 −

m−g−1∑

i=0

c−m+b∑
j=0

pij +
c−g−1∑
i=m−g

i+j<c−g∑
j=0

pij


 . (3)

A hand-off GSM call is accepted as long as there are idle
channels. The hand-off-blocking probability of GSM calls PHB

can thus be expressed as

PHB = 1 −

m−1∑

i=0

c−m+b∑
j=0

pij +
c−1∑
i=m

i+j<c∑
j=0

pij


 . (4)

Let nN be the number of new-call requests, nH be the number
of hand-off-call requests, nNB be the number of blocked new-
call requests, and nHB be the number of blocked hand-off-call
requests in a time interval of length t. As t goes to ∞, the GSM-
call-blocking probability PB can be expressed as

PB =
nNB + nHB

nN + nH

=

(
nNB
nN

) (
nN
nH

)
+

(
nHB
nH

)
(

nN
nH

)
+ 1

(5)

where nNB/nN is the new-call-blocking probability PNB,
nHB/nH is the hand-off-blocking probability PHB, and nN/nH

is the ratio of new-call-arrival rate to hand-off-call-arrival rate
λv/λh

v . Let β = nN/nH = λv/λh
v , (5) can be rewritten as

PB =
βPNB + PHB

β + 1
(6)

where PNB and PHB are given in (3) and (4), respectively.

B. GPRS-Packet-Dropping Probability

A GPRS packet may be dropped for one of three reasons.
The first is that as a GPRS packet arrives, no legitimate channel
is available and the buffer is full, called immediate dropping.
The second is that although a GPRS packet has been accepted
and is waiting in the queue, it fails to access a free channel
before the corresponding MS leaves the current BSC area. This
packet is removed from the queue, and the action is called
queued dropping. The third is that although a GPRS packet has
been granted access to a free channel, it fails to be transmitted
before the corresponding MS leaves the current BSC area,
called granted dropping. The immediate-dropping probability
P I

D is given by

P I
D =

m∑
i=0

pi,c−m+b +
c∑

i=m+1

pi,c−i+b. (7)

The queued-dropping probability PQ
D and the granted-

dropping probability PG
D are derived as follows. Suppose that a



1396 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 4, NO. 4, JULY 2005

GPRS packet Aij arrives at time t when the BSC is in state sij

where 0 ≤ i ≤ m, c − m ≤ j ≤ c − m + b − 1 or m < i ≤ c,
c − i ≤ j ≤ c − i + b − 1. That is, Aij is accepted by the BSC
and must be buffered. It is assumed that Aij enters the queue
in position qij . Let Gk

ij be the probability that Aij advances
to position (qij − k) of the queue before the corresponding
MS leaves the BSC area. If 0 ≤ i ≤ m, c − m ≤ j ≤ c − m +
b − 1, Gk

ij is the probability that k outstanding GPRS packets
among j GPRS packets leave the BSC due to packet completion
or dropping before the corresponding MS of Aij leaves the BSC
area. Suppose that the first packet among these j packets leaves
the BSC at time t + t1. Under the memoryless characteristic of
the exponential distribution, the probability density function for
t1 is given by

f1
ij(t1) = [(c − m)µ2 + ( j − (c − m)) ηd]

× exp {− [(c − m)µ2 + ( j − (c − m)) ηd] t1} (8)

where µ2 = µd + ηd. In addition, let τ be the period between
the arrival of Aij and the time when the corresponding MS
leaves the BSC area. The probability density function of τ is
given by

fτ (τ) = ηde−ηdτ . (9)

When 0 ≤ i ≤ m, c − m ≤ j ≤ c − m + b − 1, the probabil-
ity that Aij advances to position (qij − 1) in the queue within
the time period τ can thus be obtained from (8) and (9) as

G1
ij = Pr{τ > t1} =

∞∫
τ=0

τ∫
t1=0

fτ (τ)f1
ij(t1)dt1dτ

=
(c − m)µ2 + ( j − (c − m)) ηd

[(c − m)µ2 + ( j − (c − m)) ηd] + ηd
. (10)

With the memoryless property Gk
ij for 0 ≤ i ≤ m, c − m ≤

j ≤ c − m + b − 1, 1 ≤ k ≤ j − (c − m) + 1, can be obtained
recursively by

Gk
ij = G1

ij × Gk−1
i, j−1 (11)

where G1
ij is given in (10).

If m < i ≤ c, c − i ≤ j ≤ c − i + b − 1, Gk
ij is the proba-

bility that k outstanding calls among i GSM calls and j GPRS-
packet calls leave the BSC within the time period τ . Suppose
that the first call among these calls leaves the BSC at time
t + t2. Once again, under the memoryless characteristic of the
exponential distribution, the probability density function for t2
is given by

f2
ij(t2) = [iµ1 + (c − i)µ2 + ( j − (c − i)) ηd]

× exp {− [iµ1 + (c − i)µ2 + (j − (c − i)) ηd] t2} (12)

where µ1 = µv + ηv . When m < i ≤ c, c − i ≤ j ≤ c − i +
b − 1, the probability that Aij advances in queue to position

(qij − 1) within the time period τ can be obtained from (9) and
(12) as

G1
ij = Pr{τ > t2} =

∞∫
τ=0

τ∫
t2=0

fτ (τ)f2
ij(t2)dt2dτ

=
iµ1 + (c − i)µ2 + ( j − (c − i)) ηd

[iµ1 + (c − i)µ2 + ( j − (c − i)) ηd] + ηd
. (13)

Let Lij be the transition probability from sij to si−1, j , and Hij

be the transition probability from sij to si, j−1. For m < i ≤ c,
c − i ≤ j ≤ c − i + b − 1, 1 ≤ k ≤ j − (c − i) + 1, Gk

ij can
be obtained recursively by

Gk
ij = G1

ij ×
(
LijG

k−1
i−1, j + HijG

k−1
i, j−1

)
(14)

where

Lij =
iµ1

iµ1 + (c − i)µ2 + ( j − (c − i)) ηd
(15)

Hij =
(c − i)µ2 + ( j − (c − i)) ηd

iµ1 + (c − i)µ2 + ( j − (c − i)) ηd
(16)

and G1
ij is given in (13). The explanation of (14) is simple.

If the first call leaving the BSC is a GSM call (which hap-
pens with probability Lij), the probability that Aij moves to
position (qij − k) of the queue within the time period τ is
G1

ijLijG
k−1
i−1, j . On the other hand, if the first call leaving the

BSC is a GPRS-packet call (which happens with probability
Hij), the probability that Aij advances to position (qij − k) of
the queue within the time period τ is G1

ijHijG
k−1
i, j−1.

When 0 ≤ i ≤ m, c − m ≤ j ≤ c − m + b − 1, a channel
will be assigned to Aij if Aij advances (j − (c − m) + 1)
positions in the queue within τ . On the other hand, if m < i ≤
c, c − i ≤ j ≤ c − i + b − 1, a channel will be assigned to Aij

if Aij advances ( j − (c − i) + 1) positions in the queue within
τ . Thus, the probability that a GPRS packet arriving at state sij

gets a free channel is given by

Pr{get a channel|sij}

=




G
j−(c−m)+1
ij ,
for 0 ≤ i ≤ m, c − m ≤ j ≤ c − m + b − 1

G
j−(c−i)+1
ij ,
for m < i ≤ c, c − i ≤ j ≤ c − i + b − 1

(17)

where G
j−(c−m)+1
ij and G

j−(c−i)+1
ij can be computed from

(11) and (14), respectively. From (17), the probability that a
GPRS packet arriving at state sij is dropped is given by

Pr{dropped|sij}
= 1 − Pr{get a channel|sij}

=




1 − G
j−(c−m)+1
ij ,

for 0 ≤ i ≤ m, c − m ≤ j ≤ c − m + b − 1

1 − G
j−(c−i)+1
ij ,

for m < i ≤ c, c − i ≤ j ≤ c − i + b − 1.

(18)
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Fig. 1. Performance measures versus GPRS traffic load for different values of ηd (c = 16, m = 6, g = 1, µd/µv = 100, ρv = λv/µv = 3, ηv = 2µv , and
b = 5). (a) GSM-call-blocking probability; (b) GPRS-packet-dropping probability.

From (18), the queued-dropping probability PQ
D can be ex-

pressed as

PQ
D =

m∑
i=0

c−m+b−1∑
j=c−m

(
1 − G

j−(c−m)+1
ij

)
pij

+
c∑

i=m+1

c−i+b−1∑
j=c−i

(
1 − G

j−(c−i)+1
ij

)
pij . (19)

Consider the granted-dropping probability. The probability
that a GPRS packet is granted access to a free channel is
given by

m∑
i=0

c−m−1∑
j=0

pij +
c−1∑

i=m+1

c−i−1∑
j=0

pij

+
m∑

i=0

c−m+b−1∑
j=c−m

G
j−(c−m)+1
ij pij

+
c∑

i=m+1

c−i+b−1∑
j=c−i

G
j−(c−i)+1
ij pij . (20)

In (20), the first and second terms are the probability that a
GPRS packet is not queued and is served. The third and fourth
terms are the probability that a queued GPRS packet is served
before the corresponding MS leaves the current BSC area. Since
the probability that the corresponding MS of a GPRS packet
being transmitted leaves the current BSC area is ηd/(ηd + µd),
the granted-dropping probability PG

D can be derived from (20)
as

PG
D =

(
ηd

ηd + µd

) 
 m∑

i=0

c−m−1∑
j=0

pij +
c−1∑

i=m+1

c−i−1∑
j=0

pij

+
m∑

i=0

c−m+b−1∑
j=c−m

G
j−(c−m)+1
ij pij

+
c∑

i=m+1

c−i+b−1∑
j=c−i

G
j−(c−i)+1
ij pij


 . (21)

Consequently, the GPRS-packet-dropping probability PD can
be obtained by

PD = P I
D + PQ

D + PG
D (22)

where P I
D, PQ

D , and PG
D are given in (7), (19), and (21),

respectively.

IV. NUMERICAL RESULTS

We carried out an event-driven simulation to verify the
accuracy of the analytical model. The simulation considered
a two-dimensional GSM/GPRS system, in which the whole
coverage area is partitioned into seven BSC areas. To simplify
our results, the system is assumed to be homogeneous, although
the simulation can accommodate an arbitrary heterogeneous
system structure.

Fig. 1 shows the performance measures versus the offered
GPRS traffic load ρd (= λd/µd) for different GPRS MS mobil-
ity rates ηd. The figure indicates that analytical and simulation
results are consistent. In addition, we observe from Fig. 1(a)
that as ρd increases, PB approaches a bounded value. This
phenomenon is because a guaranteed bandwidth is dedicated to
the GSM traffic so that a certain QoS is guaranteed. Fig. 1 also
shows that PD increases as ηd increases, while PB decreases
as ηd increases. The increase in PD is significant, but the
decrease in PB is insignificant, especially when ρd is small.
This result is due to the fact that as ηd increases, the GPRS
packets (being transmitted or queued) are more likely to be
dropped, resulting in an obvious increase in PD and hence
the decreases in the contending GPRS traffic. PB decreases
as the contending GPRS packets decrease. Moreover, when ρd

is small, the contending GPRS traffic slightly decrease as ηd

increases, thus only resulting in a slight reduction in PB.
The effect of the GSM MS mobility rate ηv on the perfor-

mance measures is shown in Fig. 2. Again, the figure shows that
analytical results agree with simulation results with negligible
discrepancy. From Fig. 2(a), it is observed that PB decreases as
ηv increases. As ηv increases, the system experiences shorter
channel occupancy times (i.e., GSM-call service times in the
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Fig. 2. Performance measures versus GPRS traffic load for different values of ηv (c = 16, m = 6, g = 1, µd/µv = 100, ρv = λv/µv = 3, ηd = 0.01µd,
and b = 5). (a) GSM-call-blocking probability; (b) GPRS-packet-dropping probability.

Fig. 3. QoS index Q versus m for different values of g (c = 16, µd/µv = 100, ρv = 6, ρd = 6, ηv = 2µv , ηd = 0.001µd, b = 5, and α = 0.7).

TABLE I
OPTIMUM BANDWIDTH ALLOCATION FOR GSM AND GPRS TRAFFIC (c = 16, µd/µv = 100, ηv = 2µv , ηd = 0.001µd, b = 5, AND α = 0.7)

BSC). Besides, since the system is assumed to be homoge-
neous, the total offered GSM traffic load (new plus hand-off
calls) remains approximately the same. For the same offered
load, PB decreases as the service times decrease. Fig. 2(b)
shows that PD is insensitive to ηv because the change in the
total contending GSM traffic is relatively small when varying
the value of ηv .

Fig. 3 shows the QoS index Q versus the number of desig-
nated channels m for different values of g. The figure reveals
that when m = 8 and g = 1, the system experiences the max-

imal QoS index Q∗ = 0.95616. This tells us that the optimum
values for the number of designated GSM channels m∗ = 8 and
the number of reserved GSM hand-off channels g∗ = 1.

Table I shows the optimum bandwidth allocation for GSM
and GPRS traffic under various traffic loads. It is observed that
in order to achieve the maximal QoS index Q∗, m∗ increases
as ρv increases and decreases as ρd increases. Moreover, we
observe that g∗ is small relative to m∗ and is irrelevant to ρv

and ρd. This observation tells us that given the MS mobility
rates, the BoD strategy is able to maintain the desired service
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quality of GSM calls and to efficiently accommodate GPRS
traffic, by only reserving a small fixed number of GSM hand-off
channels and dynamically changing the number of designated
GSM channels (or the number of sharing channels) according
to the traffic conditions.

V. CONCLUSION

This paper proposed a BoD strategy for GPRS. With the BoD
strategy, a certain QoS is guaranteed to GSM traffic and the
allocation of bandwidth for GPRS traffic is done dynamically
based on the needs for actual packet transfers. This paper also
developed an analytical model to study the performance of the
BoD strategy in terms of GSM-call-blocking probability and
GPRS-packet-dropping probability. According to the numerical
results, we observed that, by only reserving a small fixed
number of GSM hand-off channels and dynamically changing
the number of designated GSM channels based on the network
loading conditions, the BoD strategy is able to maintain the
desired service quality of GSM calls and to efficiently accom-
modate GPRS traffic.

REFERENCES

[1] ETSI, GSM 03.60, “General Packet Radio Service (GPRS); Service De-
scription; Stage 2,” v7.41, Sep. 2000.

[2] J. Cai and D. J. Goodman, “General packet radio service in GSM,” IEEE
Commun. Mag., vol. 35, no. 10, pp. 122–131, Oct. 1997.

[3] M. Ermel, T. Muller, J. Schuler, M. Schweigel, and K. Begain, “Perfor-
mance of GSM networks with general packet radio services,” Perform.
Eval., vol. 48, no. 1–4, pp. 285–310, 2002.

[4] V. A. Chitre and J. N. Daigle, “Performance of IP-based services over
GPRS,” IEEE Trans. Comput., vol. 52, no. 6, pp. 727–741, Jun. 2003.

[5] T. S. Randhawa and R. H. S. Hardy, “Performance evaluation of priority-
based call admission control in multi-service DS-CDMA cellular net-
works supporting VBR video traffic,” in Proc. IEEE Int. Conf. Communi-
cations (ICC), New York, 2002, pp. 3096–3105.

[6] Y.-R. Haung and J. M. Ho, “Distributed call admission control for a
heterogeneous PCS network,” IEEE Trans. Comput., vol. 51, no. 12,
pp. 1400–1409, Dec. 2002.

[7] W. S. Jeon and D. G. Jeong, “Call admission control for CDMA mobile
communications systems supporting multimedia services,” IEEE Trans.
Wireless Commun., vol. 1, no. 4, pp. 649–659, Oct. 2002.

[8] Q.-A. Zeng and D. P. Agrawal, “Modeling and efficient handling of hand-
offs in integrated wireless mobile networks,” IEEE Trans. Veh. Technol.,
vol. 51, no. 6, pp. 1469–1478, Nov. 2002.

[9] D. K. Kim and D. K. Sung, “Traffic management in a multicode CDMA
system supporting soft handoffs,” IEEE Trans. Veh. Technol., vol. 51,
no. 1, pp. 52–62, Jan. 2002.

[10] R. Cooper, Introduction to Queueing Theory. New York: North Holland,
1981.


