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Abstract

In this paper, we conduct simulation ex-
periments to study a mobile phone system
that provides priority and prepaid call ser-
vices using service nodes. An analytic model
for the non-prepaid and prepaid services has
been developed to verify the computer simu-
lations. We observe that the traffic ratio of
prepaid calls has significant effect on the sys-
tem performance. Qur experiments also show
that there exists a threshold point such that
beyond this point, increasing the number of
mobile switching center ports (service node
ports or the radio channels) does not improve
the system performance. Furthermore, two
priority assignment schemes, namely, scheme
PP (prepaid calls as the priority calls) and
scheme NP (non-prepaid calls as the prior-
ity calls) are compared based on a revenue
function. Our results indicate that PP is bet-
ter than NP when the prepaid charge rate
and the prepaid traffic ratio are higher than
a threshold.

Keywords: prepaid service, priority call,
service node.

I. Introduction

Recently, the prepaid service has grown
rapidly in mobile phone service business. It is
predicted that the revenue of prepaid service
grows from US$1.3 billion in 1999 to US$14.2
billion by 2004 [10]. In USA, the prepaid call-
ing market grew 56% to about two billion US
dollars in 1998 and is expected to maintain a

high growth rate to 2005 [11]. Alcatel has pre-
dicted that more than 40% GSM customers
will subscribe to prepaid services by 2001 [11].
At the end of 2003, mobile prepaid service is
expected to account for 62% of the cellular
user base [9].

Prepaid service is a win-win solution for
both the customers and the service providers.
From the customer’s point of view, prepaid
service provides an immediate service with-
out a long-term contract or regular bills. As
the charge rate is understood and the credit is
paid in advance, the prepaid customers have
better control over their telephone fees than
the postpaid customers. From the system
provider’s point of view, prepaid service en-
larges the customer base and reduces opera-
tion overhead such as printing monthly bills
and checking customer’s credit before provid-
ing services. Since the customers pay before
they use the service, prepaid service improves
the cash flow for the operators. The revenue
of prepaid service is received typically one and
half month earlier than the postpaid.

Four billing technologies have been used
in mobile prepaid service: hot billing ap-
proach, service node approach, intelligent
network approach and handset-based ap-
proach. We have studied performance of the
hot billing approach in [2] and the service
node approach in [3]. The details and com-
parison of four approaches can also be found
in [8]. Since the service node is widely de-
ployed today, we use it as the platform for
prepaid services. The architecture of the ser-
vice node approach is depicted in Fig. 1. In
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Figure 1: The architecture of the service node
approach

this architecture, a service node (SN) is con-
nected to a mobile switching center (MSC)
using high-speed T1/E1 trunks and the MSC
is connected to base stations (BSs). Each BS
communicates with mobile stations through
radio channels.

Two types of calls (i.e., non-prepaid calls
and prepaid calls) exist in the mobile net-
work. For each originating prepaid call, the
MSC routes the call to the service node for
call processing. After the service node per-
forms service control functions (e.g., checking
the credit), the prepaid call is routed back
to the MSC and then to the called party.
Thus, to set up a prepaid call, it requires one
radio channel, four MSC ports and two SN
ports. On the other hand, for a non-prepaid
new call, the MSC directly routes the call to
its destination. Hence, it requires one radio
channel and two MSC ports to set up a non-
prepaid call.

When a mobile initiates a call attempt
and the resources are insufficient, the call is
blocked. This is referred to as new call block-
ing. The probability that a call setup fails is
referred to as the new call blocking probabil-
ity. During the conversation, a mobile station
can move from a cell to another cell. This
procedure is referred to as call handoff. To
support handoff, a radio channel of the new
BS is assigned to the call and the radio chan-
nel of the old BS is released. If no free ra-
dio channel is available in the new BS, the
call is forced to terminate. The probability
that a handoff request is rejected is referred
to as the forced-termination probability. The
call incompletion probability is the probabil-
ity that a call is either blocked or forced to
terminate at handoff.

Many priority solutions based on the
queuing schemes have been proposed to re-
duce the call blocking and incompletion rates
[4, 12]. In the queuing schemes, when the
resources are not enough, a priority call is
placed in a queue until the resources are suffi-
cient. On the other hand, a call request with-
out the priority service is blocked if the re-
sources are insufficient. We have studied the
priority call service in [12]. In this paper, we
use computer simulations to study the per-
formance of a mobile network that provides
priority and prepaid call services.

This paper is organized as follows. Sec-
tion 2 presents an analytic model for the pre-
paid and non-prepaid services to verify the
correctness of computer simulations. Section
3 presents the numeric results and the con-
clusions are given in Section 4.

II. An Analytic Model

In this section, we use the analytic tech-
nique developed in [6] to study the perfor-
mance of prepaid and non-prepaid call ser-
vices. This technique uses an iterative algo-
rithm where the Kelly model [5] is utilized in
each iteration to compute the blocking prob-
abilities. Since the Kelly model does not con-
sider the queuing effect of the priority calls,
the results of numeric analysis were used only
to verify the correctness of computer simula-
tions that support both prepaid and priority
services.

Assume that the MSC connects to k
BSs. BS ¢ is equipped with ¢; radio chan-
nels for communication. Let the number of
ports of the MSC and the SN be 2 x Cpseo
and 2 x Cgp, respectively. The call arrivals
to BS i are assumed to be Poisson with rate
Ao1,i; for non-prepaid new calls and with rate
Ao2,i for prepaid new calls. The call holding
times of both non-prepaid and prepaid calls
are assumed to be exponentially distributed
with mean 1/u. Assume that the cell resi-
dence time of a mobile station has a general
distribution with mean 1/n.

The network for mobile prepaid services
can be viewed as a network of nodes and links.
The nodes represent the BSs, the MSC and
the SN shown in Fig. 1; a link represents a



radio channel between an MS and a BS, the
circuit between a BS and the MSC or the cir-
cuit between the MSC and the SN.

In the Kelly model, a route is a fixed
path that accepts some calls in progress. As-
sume that R denote the set of these fixed
routes. Let r; ; (1 <14 < k) denote the route
of non-prepaid calls served by BS 4; r1; in-
cludes the link between an MS and BS i and
the link between BS ¢ to the MSC. Let 7y ;
(1 < i < k) denote the route of prepaid calls
served by BS i; ry ; includes the link between
an MS and BS i, the link connecting BS i to
the MSC and the link connecting the MSC
to the SN. Thus, all routes in a mobile pre-
paid service network can be described by =
{7“171, r1,2,---,T1k, 721,722, -- ;TQ,k}- Note
that a non-prepaid new call on route r; ; re-
quires one radio channel and two MSC ports.
A prepaid new call on route rs ; requires one
radio channel, four MSC ports and two SN
ports. Both non-prepaid and prepaid calls
compete for the radio channels and the MSC
ports. The SN ports are used only by the
prepaid calls.

Let 0= [Ny Mgy 0y ooy Mpy gy Mgy s
Npyos- -5 Ny, ] be a|R|x1 matrix, where n,., |
(N, ;) is the number of non-prepaid (prepaid)
calls in progress on the route r1; (r2,), Vri
(ra,;) € R. Therefore, vector n denotes the
state of a stochastic process on the network.
Since the total amount of resources (channels
and MSC/SN ports) used by the outstanding
calls should be no more than the link capac-
ities of the routes, a legal state in the state
space S must satisfy the following inequali-
ties:

nrl,i + n’r‘z,i S ci) fOI' 1 S Z S k (1)

k k
Z Ny, + 2 anz,i < Cusc (2)
i=1 =1

k
anz,i < Csn (3)

i=1
Inequality (1) indicates that total number of
non-prepaid and prepaid calls in a BS should
be no more than the number of radio channels
in the BS. Inequality (2) indicates that total
number of MSC ports used by non-prepaid
and prepaid calls should be no more than the
capacity of the MSC. Inequality (3) indicates

that total number of SN ports used by the
prepaid calls should be no more than the ca-
pacity of the SN. The state space S of the
stochastic process is expressed as

S = {n|n, ; and n,, satisfy inequalities

(1), (2) and (3)}

Let p1; and po; be the offered load
on the route r;; and ra;, respectively. Let
P, 1(i) be the new call blocking probability
of non-prepaid calls in BS ¢ and P, 2(i) be
that of prepaid calls in BS 4. Let Py (i) and
Pt (i) denote the forced-termination proba-
bility of non-prepaid and prepaid calls in BS ¢,
respectively. From the offered load equation
derived in [7] for the PCS handoff model, p; ;
and p»; can be expressed as

- ()bl
ol
for 1 <i <k (4)

According to Kelly model, the stationary
probability of the state n = (n,, ,,...,n,,

Npyyy-e Ny, ) can be computed as
k ey g k Tray
- P1i P2,i
=G~ ’ ()
|Jl;[1 () ] |Jl;[1 (”rz,i)!]

where G is a normalized factor to ensure that
>nesP(m) = 1. Let S denote the state
space where a non-prepaid new call is blocked
in BS i. A non-priority new call is blocked
if either no radio channel is available or the
capacity of the MSC is insufficient. A state
n € S! if n satisfies one of the following equa-
tions.

Ny, 4 +n""i,2 = G

k k
i=1 i=1

From (6), we have

P,1(i) =

S pn) (7)

VnESi

Let Si denote the state space where a prepaid
new call is blocked in BS i. A prepaid new



call is blocked if either no radio channel is
available or the capacity of the MSC/SN is
insufficient. A state n € S3 if n satisfies one
of the following equations or inequality.

Np;y TNy = G
K K
Cusc —2< E npy,; + QZWM < Cusc
i=1 i=1
k
ZnT2‘i CSN
i=1

From (8), we have

VnGSé

Let S{ denote the state space where a hand-
off call is blocked in BS i. A handoff call
request (i.e., either non-prepaid or prepaid)
is rejected if no radio channel is available in
the new BS. A state n € S if n satisfies the
following equation and inequalities.

N,y + Ny = G
k k
an,i +2 anz,i S C'MSC’
i=1 i=1
k
ZnT2,i < CSN (10)
i=1

From (10), we have
Prai(i) = Pro(i) = Y p(m) (11)

VnGSé

Let Ppe1(i) and P 2(i) be the call incom-
pletion probability of non-prepaid and pre-
paid calls, respectively. From Eq. (14) in [7],
Ppc1(i) and Py 2(i) can be expressed as

Prea(i) = Poali)
N (1= Ponu (i) [1 = fi ()] Pra(i)
pll = fi(p) + Pra(o) f ()]
Prep(i) = Poali)
L 0= P L~ 7] Pyl

pll = fi(w) + Pra() fi ()]
(12)

where ff(u) is the Laplace transform of the
density function of the residence time.
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Figure 2: Effects of Cysc (K = 4, ¢ = 6,
po=1min"" Aoy = g, Aop = 2, n = p/f5
and Cgny = 15)

We consider a homogeneous case where
Ci = € Aol = Aoly Ao2,i = o2, P1,i = p1
and pz; = pa2, for 1 < ¢ < k. In this case,
the blocking probabilities, forced-termination
probabilities and call incompletion probabil-
ities for all BSs are the same. We use the
notations P,y = P, 1(2), Poz = Py 2(i), Pr1 =
PfJ(Z.), Pfg = Pf@(i), Pncl = Pnc,l(i) and
Ppea = Ppepo(i), for 1 <4 < k. The values
of Pol; PDQ, Pfl, PfQ, Pncl and Pncg, can be
computed by using the iterative algorithm in
[7] with Eqgs. (7), (9), (11) and (12) until all
values of blocking probabilities converge.

ITI. Numeric Results

Based on the analytic model described
in Sec. 2, we have validated our simulation
model. Each simulation experiment was re-
peated 4,000,000 times to ensure stable re-
sults. We consider a homogeneous network
with four BSs (i.e., k¥ = 4) and every BS is
equipped with six radio channels (i.e., ¢ = 6).

Figs. 2 (a) and (b) plot Pp1, Pr1, Ppet,
P,5, Pp» and P, as functions of Cusc.
In these figures, p = 1min™", Ay = u,
Aoz = 20, n = pu/5, 20 < Cysec < 40 and
Csn = 15. The solid curves represent the
simulation results, and the dashed curves are
the analytic results. These figures indicate
that the analytic results are consistent with
the simulation results. Figs. 2 (a) and (b) also
show that P, ~ Py and P,y ~ Pfy when
Cusc > 35, indicating that the radio chan-
nels are bottleneck resources.

A. Effect of the Traffic Ratio of Prepaid Calls
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Figure 3: Effect of d (A, = 5u, k = 36, ¢ =
10, p = 1 min~ ', 5 = u/5, Cusc = 360,
Csn = 150 and Ty = 30 secs)

In this subsection, we consider the case
where the prepaid new calls are queued if
there is no idle channel or sufficient MSC/SN
ports. The queued calls can wait in the queue
for Ty seconds and can be served if the re-
sources become available before the waiting
timer expires and before the mobiles leave the
cell.

Let A\, be the total new call arrival rate
of prepaid and non-prepaid calls (i.e., A, =
Ao1 + Ao2). Let d be the ratio of the new
call arrival rate of prepaid calls over that of
total new calls (i.e., d = A\,2/),). Let P, =
(1 —=d)Py1 + dPy2, Py = (1 — d)Ps1 + dPys
and P,. = (1 — d)Pyc1 + dPy>. Probabilities
P,, P; and P, provide the net effect of the
output measures for both non-prepaid calls
and prepaid calls.

Fig. 3 plots the effect of d on P,, E,
P,., P,y and P,;, where A\, = bu, k = 36,
c=10, p =1 min*, n = u/5, Cayrsc = 360,
Csn = 150 and Ty = 30 secs. Note that since
a handoff call (prepaid or non-prepaid) needs
only one radio channel in the new BS, we have
P = Ppy = ?f The figure shows that there
exists a threshold point d* such that P, and
P, are minimized and ?f is maximized. In
this figure, d* ~ 70%. The phenomenon is
explained as follows.

As d increases, the number of queued
calls increases. The figure shows that for
d < d*, P,y remains very low due to the
queuing effect. The queued calls have pri-
ority to use the radio channels and MSC
ports over the non-priority calls and hand-
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Figure 4: Effects of d (A, = Tu, k = 36, ¢ =
10, # = 1min™', n = p/5, Cusc = 360,
Csn = 150 and Ty = 30 secs)

off calls. Thus, P, and P increase as d in-
creases when d < d*. In addition, we observe
that P,; = ?f This phenomenon indicates
that the MSC ports are not the bottleneck
resources in this case. When the MSC ports
are sufficient, the non-prepaid new calls com-
pete with the handoff calls only for the radio
channels, and thus P,; = P_f Since the total
traffic to the system is fixed, as d increases,
the queuing effect of the prepaid new calls
becomes significant. Thus, P, decreases as d
increases when d < d*.

When d > d*, the number of prepaid
new calls increases and the service node be-
comes the bottleneck. As d increases, more
prepaid new calls are dropped due to the lack
of SN ports, and thus P,y increases rapidly.
This leads to more radio channels and MSC
ports available to non-prepaid calls and hand-
off calls. Hence, P,; and ?f decreases as d
increases when d > d*. Since the probabili-
ties P, and P,. are dominated by P,2, both
probabilities increase rapidly as d increases.

Fig. 4 plots FO, E, P_m, P, and P,; as
functions of d, where the total new call ar-
rival rate is 7u. Compared with Fig. 3, the
total traffic to the system in Fig. 4 increases
from 5u to 7p and the value of d* shifts from
70% to 30%. When d < d*, the number of
MSC/SN ports is sufficient. The non-prepaid
new calls compete the radio channels with
the handoff calls. We have P,; = P;. Since
a prepaid new call requires more MSC ports
than a non-prepaid new call, more MSC ports
are consumed as d increases. When d > d*,
the competition for the MSC ports between



non-prepaid and prepaid new calls becomes
significant and more new calls are dropped.
Since the prepaid new calls have priority over
the non-prepaid new calls, the probability P,;
increases rapidly and P,» starts to increase.
The increasing of P,; and P, leads to more
radio channels available for the handoff calls,
and thus ?f decreases.

As d continues to increase, more SN
ports are consumed by the prepaid new calls.
When d > 60%, the SN ports become the
bottleneck and P, increases rapidly. As more
prepaid new calls are dropped, more resources
are available to the non-prepaid calls and
handoff calls. Thus, P, starts to decrease
and P_f continues decreasing when d > 60%.

In 3G services, a prepaid customer may
have a prepaid account and a normal post-
usage billing account simultaneously [1]. The
service profiles associated with each account
do not have to be identical. When a customer
originates a call, he/she can decide whether to
activate the prepaid call service. Figs. 3 and 4
indicate that the traffic ratio of prepaid calls
has significant effect on the system perfor-
mance. Since the prepaid customers are sen-
sitive to the call charges, in order to achieve
the best system performance, the prepaid ser-
vice provider should be careful in proposing
their rate plans and service packages.

B. Effect of the Number of MSC ports

In this subsection, we consider the case
where only the prepaid new calls are queued if
there is no idle channel or sufficient MSC/SN
ports. Fig. 5 plots P,, Py and P, as functions
of Carsc for d = 20% and 80%, where k = 36,
¢ =10, p = 1min ', Xy = 5, 1 = p/5,
Csy = 150 and Ty = 30 secs. Intuition sug-
gests that as Uy s increases, the probability
that a new call (non-prepaid or prepaid) is
blocked decreases and P, decreases. In addi-
tion, since the number of accepted new calls
increases, the number of available channels
decreases and ?f increases. Fig. 5 also shows
that there exists a threshold point C'y; ¢~ such
that beyond this point, increasing C'yrsc does
not improve the system performance. The
value of Cj;go shifts from 260 to 340 for
d = 20% (i.e., less prepaid calls) to 80% (i.e.,
prepaid calls dominate).
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Figure 5: Effects of Cprs¢ for various d (k =
36,c =10, p = 1 min™", X\, = 5, n = p/5,
Csn = 150 and Ty = 30 secs)
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Figure 6: Effects of Cj;s¢c on the new call
blocking and forced-termination probabilities
(k =36, c=10, p = 1min™"', 5 = u/5,
d =80%, Csn = 150 and Ty = 30 secs)

Fig. 6 plots the effect of Cysc on
the new call blocking and forced-termination
probabilities where A\, = 4, 5y and d =
80%. As Cprsc increases, the MSC ports
are not the bottleneck resources. Fig. 6 (a)
shows that, for \, = 4u, P,; and P,y stop
to decrease when Cpysc > 340. The fig-
ure also shows that P,; = Py = P2 when
Cusc > 340. The results indicate that the
radio channels are the bottleneck resources
when Cyrsc > 340. Fig. 6 (b) shows that, for
Ao = b, P,o stops decreasing when Cyrsc >
340. On the other hand, the probability P,
continues decreasing when Cprsc > 340 and
stops decreasing when Cyysc > 360. The fig-
ure indicates that the SN ports are the bot-
tleneck resources when Cprsc > 340. As
CMSC > 360, Pol = Pf1 = Pf2. This im-
plies that the radio channels become the bot-
tleneck resources when C)jrsc > 360.

Our results indicate that an improper
expansion of the MSC capacity may not im-
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1 min™", X\, = 5, d = 80%, Cysc = 360,
Csn = 3000 and Ty = 30 secs)

prove the system performance. Similar phe-
nomenon can also be observed in the effect
of increasing the number of SN ports and the
radio channels.

C. Effect of the Mobility

In this subsection, we consider the case
where the prepaid new calls are the priority
calls. Fig. 7 plots P,, ?f, P,., P,y and P,, as
functions of the mean of cell residence time
(1/n) for 1/n =1/2, 1, 2, 5 and 10 minutes,
where k = 36, ¢ = 10, g = 1 min~ %, \, =
5/1,, d = 80%, CMSC = 360, CSN = 3000
and Ty = 30 seconds. Note that the ports of
service node are not the bottleneck resources
when Csy = 3000. The figure indicates that
P, decreases and then converges. P, and Py
increase slowly and converge as 1/n increases.

As the mean of cell residence time (1/7)
increases, the call incompletion probability
(Py.) decreases. This is because a call ex-
periences less number of handoffs as 1/7 in-
creases and the call is less likely to be forced
to terminate. Moreover, as 1/ increases, P,
and Py increase. This can be explained as fol-
lows. Since P, decreases when 1/7 increases,
the decreasing of P, leads to a higher offered
load of the system. As a result, a new call or
handoff call is more likely to be blocked as
the offered load increases.

D. The Revenue Function C

In this subsection, we propose an out-

solid: scheme PP
_| dashed: scheme NP

(NTS$)

Figure 8: Effect of a (k = 36, ¢ = 10, p =
1 minil, Ao = Tu, n = /1,/5, Cusc = 360,
Csny = 150, Ty = 30 secs and o = 0.5)

put measurement C' that computes the total
charge of the non-prepaid and prepaid calls.
Two priority assignment schemes are com-
pared: scheme PP where the prepaid new
calls have priority, because they are charged
at a higher rate than the non-prepaid new
calls; scheme NP where the non-prepaid new
calls have priority, since they consume less re-
source than the prepaid new calls.

Let C = (l_d)[(l_Pncl)Tcl +Upi1Ti1]+
Cld[(]. — Pnc2)Tc2 + O'PiQTiQ], where Tcl (TCQ)
is the expected holding time of a complete
non-prepaid (prepaid) call, ¢ (0 < ¢ < 1)
is the discount factor for an incomplete call,
P;y (P;») is the probability that a non-prepaid
(prepaid) call is connected but is eventually
forced to terminate, T;; (T}2) is the expected
holding time of an incomplete non-prepaid
(prepaid) call and « is the normalized charge
of a prepaid call. According to a report of
FarEastone (a mobile company in Taiwan) in
1999, d ~ 40% and a ~ 2. Fig. 8 plots C
as a function of a under two priority assign-
ment schemes. It is clear that if the charge
of a prepaid call is much higher than that of
a non-prepaid call (e.g., @ > 2), scheme PP
provides higher revenue than scheme NP. On
the other hand, the scheme should be selected
to favor the calls that have higher traffic ra-
tio. From Fig. 8, we observe that scheme NP
is better than scheme PP for d = 0.1, and for
d = 0.2 when a < 2. We conclude that both
d and « have significant effect on the choice
of priority assignment schemes.

IV. Conclusions



In this paper, we studied a mobile phone
system that provides priority and prepaid call
services based on the service node approach.
We investigated how the traffic ratio of pre-
paid calls, the number of MSC ports and
the user mobility affect the system perfor-
mance. Our results show that the base sta-
tions, the mobile switching center and the ser-
vice node may become the bottleneck under
various traffic ratios of prepaid calls over total
traffic. In this paper, we show how these bot-
tlenecks can be identified and the system per-
formance can be further improved. In addi-
tion, we observed that there exists a threshold
point such that beyond this point, increasing
the number of mobile switching center ports
does not improve system performance. Simi-
lar phenomenon can be observed in the effect
of increasing the number of service node ports
and the radio channels.

Next, we investigate the effect of user
mobility. As the mean of cell residence time
increases, the average call incompletion prob-
ability decreases and converges. On the other
hand, the average new call blocking probabil-
ity and forced-termination probability slowly
increase and then stabilize as the cell resi-
dence time increases. Finally, a revenue func-
tion is proposed to compare two priority as-
sighment schemes. Our experiments show
that this function can be used as a guideline
to select the priority assignment scheme.
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