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Abstract— The IP Multimedia Core Network Subsystem (IMS)
provides real-time multimedia services for Universal Mo-
bile Telecommunications System (UMTS). Through Recharge
Threshold-based Credit Reservation (RTCR) mechanism, pre-
paid IMS services can be supported by the Online Charging
System (OCS) in UMTS. In RTCR, when the remaining amount
of prepaid credit is below a threshold, the OCS reminds the
user to recharge the prepaid account. It is essential to choose an
appropriate recharge threshold to reduce the probability that the
in-progress service sessions are forced-terminated. An analytic
model is developed to investigate the performance of RTCR for
the OCS. Based on our study, the network operator can select
the appropriate parameter values for various traffic conditions.

Index Terms— Charging, IP multimedia core network subsys-
tem (IMS), prepaid services, universal mobile telecommunica-
tions system (UMTS).

I. INTRODUCTION

PREPAID telecommunications service requires a user to
make an advanced payment before enjoying the service.

Usage of prepaid service does not require deposit and monthly
bill. Instead the usage fee is directly deducted from the
user’s prepaid account. In the Global System for Mobile
Communications (GSM), prepaid voice service is implemented
as a circuit-switched domain service. In the General Packet
Radio Service (GPRS), prepaid data service is also offered in
the packet-switched domain. Four billing technologies have
been used in mobile prepaid service: hot billing approach [4],
service node approach, intelligent network (IN) approach [8]
and handset-based approach. Details of these approaches can
be found in Chapter 17 in [10].
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In Universal Mobile Telecommunications System (UMTS),
real-time multimedia services are supported by the IP Multi-
media Core Network Subsystem (IMS). In IMS, the Diameter
Protocol [6] is utilized for Authentication, Authorization, and
Accounting (AAA) functions such as authentication and on-
line charging [1]. Based on Diameter, the Diameter Credit
Control protocol [6] is adopted in the Online Charging System
(OCS) to provide IMS prepaid services [2]. The Diameter
Credit Control protocol supports functionality for service
charging with direct debiting and credit reservation. To support
prepaid service, the OCS follows the IN approach. In this ap-
proach, when a mobile user subscribes to the prepaid service,
an amount of prepaid credit is purchased and is maintained in
the prepaid account. The prepaid credit units are deducted at
the OCS in real time when the prepaid service is delivered.
When the amount of the remaining prepaid credit is below a
threshold, the OCS reminds the user (through short message
or interactive voice response) to recharge the prepaid account.
It is essential to choose an appropriate threshold to determine
when to send the recharge messages. If the recharge threshold
is set too small, the prepaid credit units may be depleted before
the prepaid account is actually recharged, and it is likely that
the in-progress IMS service sessions are forced to terminate
before the recharge operation is complete. If the recharge
threshold is set too large, the user will receive the recharge
message too frequently and the network will experience heavy
traffic. This paper proposes an analytic model to investigate
the effects of the recharge threshold on the performance of
the OCS.

II. ONLINE CHARGING SYSTEM FOR IMS SERVICES

Fig. 1 shows the OCS architecture for IMS services [2].
In this architecture, online charging for the IMS services
is performed by using the Diameter Credit Control (DCC)
protocol (see Fig. 1 (a)) [1]. The OCS provides the Session
Based Charging Function (SBCF; Fig. 1 (b)) responsible for
online charging of network bearer and user sessions.

In the OCS, the Account Balance Management Function
(ABMF; Fig. 1 (c)) keeps a user’s balance and other account
data. When the prepaid user’s credit depletes, the ABMF
connects the Recharge Server (Fig. 1 (f)) to trigger the
recharge account function. The SBCF interacts with the Rating
Function (Fig. 1 (e)) to determine the price of the requested
service. The rating function handles a wide variety of rateable
instances, such as data volume, session connection time and
event service (e.g. for web content charging). The SBCF
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Fig. 1. Online charging system architecture for IMS services.

interacts through the ABMF to query and update the user’s
account. The Charging Data Records (CDRs) generated by
the charging functions are transferred to the Charging Gateway
Function (CGF; Fig. 1 (d)) immediately. The CGF acts as a
gateway between the 3GPP network and the Billing System
(Fig. 1 (g)) [7].

A. Diameter Credit Reservation Procedure

In online charging services, the Diameter Credit Control
(DCC) protocol is used for communications between an IMS
network element and the OCS. The IMS network element acts
as a DCC client and the OCS acts as a DCC server. The
OCS credit control is achieved by exchanging the Credit
Control Request (CCR) and the Credit Control
Answer (CCA) messages. A credit control message can be
one of the following types:

• INITIAL-REQUEST initiates a credit control session.
• UPDATE-REQUEST contains update credit control in-

formation for an in-progress session. This request is sent
when the credit units currently allocated for the session
are completely consumed.

• TERMINATION-REQUEST terminates an in-progress
credit control session.

• EVENT-REQUEST is used for one-time credit
control, which can be DIRECT_DEBITING,
CHECK_BALANCE or PRICE_ENQUIRY.

The credit reservation procedure for session-based online
charging includes three types of credit control operations:
Reserve Units operation (Steps 1 and 2 in Fig. 2), Reserve
Units and Debit Units operation (Steps 3 and 4 in Fig. 2)
and Debit Units operation (Steps 5 and 6 in Fig. 2). Consider
the scenario where a prepaid user requests an IMS session-
based service from the Application Server (AS). The following
operations are executed.
Step 1. [Reserve Units (request)] To start the service delivery

with credit reservation, the IMS AS sends the INITIAL-
REQUEST CCR message to the OCS. This message
indicates the amount of requested credit.

Step 2. [Reserve Units (response)] Upon receipt of the CCR
message, the OCS determines the price of the requested
service and then reserves an amount of credit. After the
reservation is performed, the OCS acknowledges the IMS

OCS
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2. CCA (INITIAL-REQUEST)

3. CCR (UPDATE-REQUEST)
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AS: Application Server CCA: Credit-Control Answer
CCR: Credit-Control Request OCS: Online Charging System

Fig. 2. Diameter credit control message flow.

AS with the CCA message including credit reserving
information.

Step 3. [Reserve Units and Debit Units (request)] During the
service session, the granted credit units may be depleted.
If so, the IMS sends a UPDATE-REQUEST CCR message
to the OCS. The IMS AS reports the amount of used
credit and requests for additional credit units.

Step 4. [Reserve Units and Debit Units (response)] When the
OCS receives the CCR message, it deducts the used credit
units and reserves extra credit units for the IMS AS. The
OCS acknowledges the IMS AS with the CCA message
with the amount of the reserved credit. Note that the
Reserve Units and Debit Units operation (i.e., Steps 3
and 4) may repeat many times before a service session
is complete.

Step 5. [Debit Units (request)] When the service session
is complete, the IMS AS sends the TERMINATE-
REQUEST CCR message to the OCS. This action termi-
nates the session and reports the amount of the consumed
credit.

Step 6. [Debit Units (response)] The OCS releases the unused
reserved credit. The OCS acknowledges the IMS AS with
the CCA message. This message may contain the total
cost of the service.

For the discussion purpose, we refer an RU operation as a
Reserve Units operation (Steps 1 and 2) or a Reserve Units
and Debit operation (Steps 3 and 4).

B. Recharge Threshold-Based Credit Reservation (RTCR)
Mechanism

Upon receipt of an RU operation request (Steps 1 or 3
in Fig. 2), the OCS needs to determine when to send the
recharge message, and how to allocate the credit units when
the remaining credit left in the prepaid account is too small.
These issues can be addressed by a simple mechanism called
Recharge Threshold-based Credit Reservation (RTCR). Let
Cr be the amount of the remaining prepaid credit in the
OCS. Define Cmin as the recharge threshold. When Cr <
Cmin, the OCS reminds the user to recharge the prepaid
account by sending a recharge message. If Cmin is too small,
then the amount of the remaining credit Cr may not be
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large enough to support all in-progress service sessions, and
some of them will be forced to terminate. Note that force-
termination will significantly degrade user satisfaction. For
example, when force-termination occurs during a multimedia
file downloading, the file transmission is not complete and the
credit units that have already been consumed for downloading
may be wasted. In order to avoid force-termination in RTCR,
Cmin should be appropriately selected. Also, after the recharge
message has been sent, the OCS will not accommodate any
new session, and all remaining credit units are reserved for the
in-progress service sessions. In the next section, an analytic
model is proposed to study the impact of parameter Cmin on
the RTCR mechanism.

III. ANALYTIC MODEL FOR RTCR MECHANISM

This section proposes an analytic model to investigate
the RTCR mechanism. Assume that there are n types of
session-based IMS services. Each type has its own traffic
characteristics and communications parameters. For example,
the average call holding time for a Voice over IP (VoIP) call
session is 3 minutes, the average session holding time for
the interactive mobile gaming sessions may range from 10 to
30 minutes. Details of the UMTS/IMS services characteristics
and communications parameters can be found in [3], [5].
Note that the service sessions can be charged according to
time (duration) or volumes of packets transmitted. From the
characteristics of the volume-based service session (e.g., the
inter-packet arrival distribution), the distribution of the packet
volumes that transmitted in a service session can be mapped
to a specific service session holding time distribution [8]. For
the discussion purpose, we only consider session/call holding
time distribution in this paper.

For 1 ≤ i ≤ n, the sessions for type-i service can be
activated from time to time. In Fig. 3, the current type-i service
session starts at t0 and completes at t4, and the next type-i
service session starts at t5. Let the service session holding time
be th,i = t4−t0 and the inter-arrival time be ta,i = t5−t4. For
VoIP call session services, th,i represents the call holding time.
For mobile data downloading service, th,i represents the file
transmission time. Assume that th,i and ta,i are exponentially
distributed with rates μi and λi, respectively (the exponential
assumptions will be relaxed in the simulation experiments).
We assume that each time unit of the type-i service session
is charged for αi credit units. Without loss of generality, let
αi = 1 (i.e., the time unit is equal to the credit unit). Let C
denote the amount of the initial prepaid credit for a mobile
user. Let θi be the amount of credit that the OCS grants in
each RU operation for a type-i session. It is essential to select
appropriate Cmin and θi values to “optimize" the performance
of the RTCR mechanism in terms of the following output
measures:

• E[Nr,i]: the expected number of the RU operations
executed during a type-i session. The larger the E[Nr,i]
value, the higher the DCC control message overhead.

• Pf : the probability that an in-progress session is forced
to terminate (for all service type-i). The smaller the Pf

value, the better the user satisfaction.
• E[Cd]: the expected amount of unused credit units in

the user account at the end of RTCR execution (before

th,i
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Fig. 3. Timing diagram for the RTCR mechanism.

recharging). Note that Cd = 0 if any in-progress session
is forced to terminate at the end of RTCR execution. It
is apparent that the smaller the E[Cd] value, the better
the credit utilization in the user account.

A. Derivation for E[Nr,i]
This subsection derives the expected number E[Nr,i] that

the RU operations are executed in a type-i service session.
Suppose that the OCS grants θi credit units to the AS each
time. When the granted credit units θi are depleted, the AS
requests the next θi credit units from the OCS. Then

E[Nr,i] = 1 +
∞∑

j=1

Pr[th,i > jθi] (1)

Eq. (1) says that the first RU operation (i.e., the Reserve Units
operation) is always executed, and for j > 0, the j-th RU
operation (i.e., the Reserve Units and Debits Units operation)
will be executed with probability Pr[th,i > jθi]. Since th,i is
exponentially distributed with the density function

fh,i(th,i) = μie
−μith,i (2)

From (2), Eq. (1) is derived as

E[Nr,i] = 1 +
∞∑

j=1

∫ ∞

th,i=jθi

fh,i(th,i)dth,i

= 1 +
∞∑

j=1

e−μijθi =
1

1 − e−μiθi
(3)

B. Exact Analytic Model for Single-type Service

This subsection derives the exact force-termination proba-
bility Pf and the expected credit E[Cd] for single-type service
(i.e., n = 1). Approximate Pf and E[Cd] for multiple-type
services (i.e., n ≥ 2) will be derived in the next subsection.

1) Derivation for Pf (n = 1): Consider the timing diagram
in Fig. 3 where the RU operations in the current service session
occur at t0, t1 and t3, respectively. Assume that the OCS
grants θ1 units to the AS in every RU operation and θ1 ≤
Cmin. Then t3 − t1 = t1 − t0 = θ1. Suppose that a random
observer arrives at t2. Let ty = t2−t0 and tr,1 = t4−t2 be the
elapsed holding time (i.e., the age) and the residual holding
time of the service session, respectively. Let tu = t2 − t1
denote the consumed credit (time) units in the AS with density
function fu(tu). Then 0 ≤ tu ≤ θ1 and the unused credit units
left in the AS is θ1 − tu.
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For an in-progress service session at a particular time point
t, the exact unused credit units for the user is Cx(t) = Cr(t)+
(θ1−tu), which is the sum of the remaining credit units Cr(t)
in the OCS and the unused credit units (θ1−tu) in the AS. Note
that at times t0, t1 and t3, no unused credit units are left in
the AS and therefore Cx(t0) = Cr(t0), Cx(t1) = Cr(t1) and
Cx(t3) = Cr(t3). Define “critical" time t∗ as the time when
Cx(t∗) = Cmin +θ1. The first RU operation occurs after t∗ is
referred to as the “critical" RU operation. Immediately after
the critical RU operation is performed, the OCS will send
the recharge message, and newly incoming session requests
will be rejected. The critical RU operation may occur during
a session execution (Case I; see Fig. 4 (a)) or when a new
session arrives (Case II; see Fig. 4 (b)). In Fig. 4, let θ̃ =
θ1−(min(t7, t8)−t∗). Note that when the critical RU operation
arrives at t7, Cx(t7) = Cr(t7) = Cmin + θ̃. Furthermore,
in Case II, no credit units are consumed during [t8, t7], and
Cx(t7) = Cx(t8). The θ̃ value will be derived later. After
the OCS has granted θ1 units to this request, the remaining
credit left in the prepaid account becomes Cr(t7+) = Cmin−
(θ1 − θ̃) < Cmin. At this point, the OCS will send a recharge
message to the prepaid user, and the maximum service time
that the remaining credit can support is Cmin + θ̃. Therefore
Pf is computed as

Pf = Pr[tr,1 > Cmin + θ̃] (4)

Since the session holding time th,1 is exponentially distributed
with rate μ1, and from the residual time theorem [11], tr,1 has
the same density function as th,1; i.e.,

fr,1(tr,1) = μ1e
−μ1tr,1 (5)

In (4), θ̃ is derived as follows.

Case I. In Fig. 4 (a), the critical RU operation is issued by
an in-progress session at t7. In this case, the previous

RU operation is issued at t6 = t7 − θ1 where Cr(t6) =
Cx(t6) = Cmin + θ1 + θ̃, and t6 < t∗ < t7. At the
critical time t∗, the consumed time units tu must be θ̃
(with density fu(θ̃)) and the residual holding time τ =
t8 − t∗ for the session must be longer than θ1 − θ̃ (with
probability

∫∞
τ=θ1−θ̃ fr,1(τ)dτ ). Therefore, the density of

θ̃ for Case I is expressed as

fθ̃,I(θ̃) = fu(θ̃)
∫ ∞

τ=θ1−θ̃

fr,1(τ)dτ (6)

Case II. In Fig. 4 (b), the critical RU operation is issued by a
new session at t7. The last RU operation in the previous
service session occurs at t6 and the previous service
session completes at t8, and Cx(t8) = Cmin+θ̃. Note that
t∗ > t6 ≥ t8− θ1. Therefore, Cmin + θ1 + θ̃ ≥ Cx(t6) >
Cmin +θ1. At t∗, the AS consumes tu credit units, where
0 < tu < θ̃ (with probability

∫ θ̃

tu=0
fu(tu)dtu), and the

residual holding time τ = t8− t∗ for the session is θ1− θ̃
(with density fr,1(θ1 − θ̃)). Therefore, the density of θ̃
for Case II is expressed as

fθ̃,II(θ̃) =
∫ θ̃

tu=0

fu(tu)dtufr,1(θ1 − θ̃) (7)

Combining (6) and (7), we have

fθ̃(θ̃) = fu(θ̃)
∫ ∞

τ=θ1−θ̃

fr,1(τ)dτ

+
∫ θ̃

tu=0

fu(tu)dtufr,1(θ1 − θ̃) (8)

In (8), fu(tu) is derived as follows. Let ty be the elapsed
holding time of the in-progress session with density function
fy(ty). According to the reverse residual time theorem [11],
ty has the same distribution as the residual of th,1. That is,

fy(ty) = fr,1(ty) = μ1e
−μ1ty . Since tu = ty −

⌊
ty

θ1

⌋
θ1, the

density function for tu (for 0 ≤ tu ≤ θ1) is

fu(tu) =
∞∑

j=0

fy(tu + jθ1) =
μ1e

−μ1tu

1 − e−μ1θ1
(9)

Substituting (5) and (9) into (8), we have

fθ̃(θ̃) =
μ1e

μ1θ̃

eμ1θ1 − 1
(10)

From (4), (5) and (10), Pf is derived as

Pf =
∫ θ1

θ̃=0

∫ ∞

tr,1=Cmin+θ̃

μ1e
−μ1tr,1

(
μ1e

μ1θ̃

eμ1θ1 − 1

)
dtr,1dθ̃

=
μ1θ1e

−μ1Cmin

eμ1θ1 − 1
(11)

2) Derivation for E[Cd] (n = 1): It is clear that E[Cd] =
E[limt→∞ Cr(t)] assuming that the prepaid account is not
recharged at the end of the RTCR execution. In Fig. 4, the
critical RU operation occurs at t7 when Cx(t7) = Cmin + θ̃.
If Cmin + θ̃ > tr,1, then Cd = Cmin + θ̃ − tr,1. Otherwise,
Cd = 0. Therefore, E[Cd] is expressed as

E[Cd] = E[max{Cmin + θ̃ − tr,1, 0}] (12)
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From (5) and (10), Eq. (12) is derived as

E[Cd] =
∫ θ1

θ̃=0

∫ Cmin+θ̃

tr,1=0

(Cmin + θ̃ − tr,1)

×fr,1(tr,1)fθ̃(θ̃)dtr,1dθ̃

= Cmin +
θ1(eμ1θ1 + e−μ1Cmin)

eμ1θ1 − 1
− 2

μ1
(13)

C. Approximate Analytic Model for Multiple-Type Services

In this subsection, we propose an approximate analytic
model for multiple-type services (i.e., n ≥ 2). This model
is accurate when θi value is small. We present the derivations
of Pf and E[Cd] for n = 2. The derivations for n > 2 can be
directly extended and will be briefly described at the end of
this subsection.

1) Derivation of Pf (n = 2): We first derive the force-
termination probability Pf for n = 2. When an RU operation
is performed, one of the following three cases occurs.

Case A. There is one active type-1 service session, and the
residual session holding time is tr,1.

Case B. There is one active type-2 service session, and the
residual session holding time is tr,2.

Case C. Both type-1 and type-2 service sessions are active,
and the residual session holding times are tr,1 and tr,2,
respectively.

When the critical RU operation occurs, let PA, PB and PC

be the probabilities of Cases A, B and C, respectively. For a
sufficiently small θi value, Pf can be computed as

Pf = PA Pr[tr,1 > Cmin] + PB Pr[tr,2 > Cmin]
+PC Pr[tr,1 + tr,2 > Cmin] (14)

In (14) we assume that Cx(t7) = Cmin, where t7 is the
time that the critical RU operation occurs. Note that Cmin ≤
Cx(t7) < Cmin +

∑
i θi. Therefore, (14) incurs error when θi

is large. Substituting (5) into (14) to yield

Pf = PAe−μ1Cmin + PBe−μ2Cmin

+PC

(
μ1e

−μ2Cmin − μ2e
−μ1Cmin

μ1 − μ2

)
(15)

In (15), the probabilities PA, PB and PC are derived as
follows. We first compute the probability pi that a type-i
service session is active at a random observation point. In
Fig. 3, a random observation point occurs at t2 in the renewal
period [t0, t5]. From the alternating renewal theory [11], pi is
expressed as

pi =
E[th,i]

E[th,i] + E[ta,i]
=

λi

μi + λi
(16)

At t2, there is only one active type-1 service session with
probability p1(1− p2), there is only one active type-2 service
session with probability p2(1−p1), and both type-1 and type-2
service sessions are active with probability p1p2. The critical
RU operation is issued by a type-1 and a type-2 service
sessions in Cases A and B, respectively. In Case C, the critical
RU operation may be issued by a type-1 or a type-2 services.
Since the sending of recharge message can be modeled as a
random observer for sufficiently small θi value in a service

session, from (16), the ratio PA : PB : PC can be computed
as

PA : PB : PC ≈ p1(1 − p2) : p2(1 − p1) : 2p1p2

= λ1μ2 : μ1λ2 : 2λ1λ2 (17)

Since PA + PB + PC = 1 and from (17), we have

PA ≈ λ1μ2
λ1μ2+μ1λ2+2λ1λ2

, PB ≈ μ1λ2
λ1μ2+μ1λ2+2λ1λ2

and PC ≈ 2λ1λ2
λ1μ2+μ1λ2+2λ1λ2

(18)

Substitute (18) into (15) to yield

Pf =
[
λ1μ2e

−μ1Cmin + μ1λ2e
−μ2Cmin

+2λ1λ2

(
μ1e

−μ2Cmin − μ2e
−μ1Cmin

μ1 − μ2

)]
× (λ1μ2 + μ1λ2 + 2λ1λ2)

−1 (19)

For n > 2, Eq. (14) can be extended by including all active
session combinations (there are 2n−1 combinations). Then Pf

can be computed following the same derivations for (15)-(19).
2) Derivation of E[Cd] (n = 2): For n = 2, E[Cd] is

derived as follows. For sufficiently small θi values, Cx(t∗) ≈
Cmin. Therefore, the Cd values are max{Cmin − tr,1, 0},
max{Cmin − tr,2, 0} and max{Cmin − tr,1 − tr,2, 0} in Cases
A, B and C, respectively. We have

E[Cd] = PAE[max{Cmin − tr,1, 0}]
+PBE[max{Cmin − tr,2, 0}]
+PCE[max{Cmin − tr,1 − tr,2, 0}] (20)

Substitute (5) and (18) into (20) to yield (21) (see next
page). For n > 2, E[Cd] can be computed through the same
derivations for (20)-(21) by considering 2n − 1 active session
combinations.

The analytic model developed in this section is validated
against the simulation experiments. The discrepancies between
analytic analysis (specifically, Eqs. (11), (13), (19) and (21))
and simulation are within 2%. The simulation model follows
the discrete event approach described in [9], and the details
are omitted. The input parameter θi is normalized by the
mean 1/μi of the service session holding time. The input
parameter Cmin and output measure E[Cd] are normalized
by the expected credit units c consumed in a session.

IV. NUMERICAL EXAMPLES

This section uses numerical examples to investigate the
performance of the RTCR mechanism. For the examples in
Figs. 5 and 6, n = 2, λ1 = μ1 and λ2 = μ2 = 2μ1. Similar
results are observed for other parameter values and are not
presented. The effects of the input parameters are described
as follows.
[Effects of Cmin.] Fig. 5 plots the force-termination proba-
bility Pf and the expected credit E[Cd] against θi and Cmin,
where n = 2, λ1 = μ1 and λ2 = μ2 = 2μ1. Fig. 5 (a)
shows that Pf decreases as Cmin increases. When the critical
RU operation occurs, more unused credit units are available
in the prepaid account when Cmin increases. Therefore, the
possibility of force-termination reduces. For θi = 1/μi, when
Cmin increases from 2c to 4c, Pf decreases from 18.78%
to 4.99%. Fig. 5 (b) shows that E[Cd] increases as Cmin
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E[Cd] = Cmin −
(

1
λ1μ2 + μ1λ2 + 2λ1λ2

){
λ1μ2(1 − e−μ1Cmin)

μ1
+

μ1λ2(1 − e−μ2Cmin)
μ2

+
2λ1λ2

[
μ1

2(1 − e−μ2Cmin) − μ2
2(1 − e−μ1Cmin)

]
μ1μ2(μ1 − μ2)

}
(21)

�

�

��

��

��

��

��

��

��
���

���� ��� ���

�� �	
�� �����

�  ���� � ��

Æ  ���� � ��

�  ���� � ��

�  ���� � ��

�����������������������������������������������������������������������������������������
������������������������������

����
�������������������������������������������

��������������������
����������������������
�������������������
������������������
��������
��������
���������
��
������
��������
��
���
���
��������
����
����
�
�������
��������
��������
�������
�
����
����
��������
���
������
��������
��������
������
��
��������
��
���
���
��������
����
���
�
��������
������������
�����
���������������
�����
�������������
���
���
��������
�
���
����������
��������������

������������������������������������������������������������

��

�

�

�

�

�

�

�

� � �

�������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
�����������
������������������������������������������������������������������������������������������������������������

ÆÆ Æ Æ Æ
Æ
Æ

Æ
Æ Æ Æ Æ

���������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

�� � � � � �
� � � � �

�������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
�� ����� �����

(a)

�

�

��

��

��

��

��

�����
�	
��
�

���� ��� ���

�� �	
�� �����

� � ���� � ��

Æ � ���� � ��

� � ���� � ��

� � ���� � ��

�����������������������������������������������������������������
�����������������������

������������������
���������
�����������

��������
����������

�����
�������
����
�������
��
��
���
���
��
��
��
���
��
���
��
���
��
���
�
���
��
���
���
���
��
���
��
���
���
��
���
��
���
��
��
�
��
��
��
��
��
��
��
�
��
��
�
��
��
��
��
�
��
�
��
�
��
�
��
���
�
��
��
�
��
�
�
�
��
��
�
��
��
��
��
��
��
�
��
��
�
�
�
��
��
�
��
��
�
�
�
���
�
��
�
��
��
��
��
�
��
�
�
�
��
��
�
��
��
��
�
��
��
�
�
�
��
��
�
��
��
�
��
��
��
�
�
�
��
�
��
��
��
�
��
��
��
��
��
��
��
��
�
��
��
�
��
��
�
���
��
�
��
��
��
��
�
��
��
�
��
��
��
��
�
��
��
�
��
��
��
��
�
��
��
�
��
��
��
��
�
��
��
�
��
��
��
��
�
��
��
��
�
��
��
�
��
��
��
��
�
��
��

�� � � � � �

�

�

�

�

�

�����������������������������������
�������������������

��������������������������������������������
������
���������
����������
���������
������
�������
������
������
����
������
��
��
��
���
��
���
��
��
��
���
��
���
���
��
���
���
���
��
��
��
���
��
���
���
��
���
��
��
��
���
��
��
�
��
�
��
��
��
��
�
��
��
��
��
��
�
��
��
��
��
�
��
�
��
�
��
��
��
�
��
��
��
��
�
��
��
�
��
�
��
��
�
��
��
��
�
��
�
��
��
�
��
��
��
�
��
�
���
��
��
�
��
�
��
��
�
�
��
�
��
��
��
�
��
��
�
��
�
��
��
��
�
��
��
�
�
�
��
��
�
��
��
�
�
�
��
��
�
�
�
��
�
��
��
��
�
�
�
��
��
�
��
��
�
��
��
��
��
�
�
��
�
�
�
��
��
��
�
��
��
�
��
��
��
�
��
��
�
��
��
�
��
��
�
�
��
�
�
�
��
�
��
��
��
�
��
��
�
��
��
�
��
��
�
�
��
�
�
�
��
��
�
��
��
��
�
��
��
�

ÆÆ Æ Æ Æ Æ Æ

Æ

Æ

Æ

Æ

Æ

������������������������������������
�����������������������

�����������������������������������������
�����
��������
������
���������
������
���������
�������
������
����
�������
��
���
��
���
���
��
���
��
���
���
��
���
��
��
��
���
��
���
��
���
���
�
��
���
��
���
��
��
��
���
��
��
��
�
��
��
��
��
�
��
��
��
��
�
��
��
��
��
�
��
��
��
��
�
��
��
�
���
�
��
��
��
�
��
�
��
��
��
�
��
��
�
��
�
�
�
��
�
��
��
��
�
�
�
��
�
��
��
��
��
��
�
��
�
��
��
��
�
��
��
�
�
�
��
��
�
�
�
��
��
�
��
��
�
��
��
��
�
�
�
��
�
��
�
�
��
�
��
��
�
��
��
��
�
��
�
��
��
��
�
��
��
��
�
��
��
�
�
�
���
��
��
�
��
��
�
��
��
�
��
��
��
�
��
��
�
��
��
�
��
��
�
�
��
�
�
�
��
��
�
��
��
��
�
��
��
��
�
��
��
�
��
��
��
��
�
��
��
�
��
��
�
��
��
�
�
��

�� � � �
� �

�

�

�

�

�

�����������������������������������
��������������

�������������������������������������������
����������
�������
�����
���������
������
��������
����������
������
����
������
����
���
�
���
��
��
��
���
��
���
��
��
��
��
���
���
���
��
���
���
���
��
��
��
���
��
���
���
��
���
��
���
�
��
�
��
�
��
��
��
��
��
�
��
�
��
�
��
��
��
��
��
�
��
��
��
��
�
���
��
�
�
�
��
�
��
��
�
��
�
��
��
�
��
��
�
��
��
��
�
��
�
��
��
��
�
��
��
�
���
��
�
��
��
��
�
��
�
��
��
��
�
��
��
�
�
�
��
��
�
�
�
��
��
�
��
��
�
��
��
��
�
�
�
��
�
��
�
��
��
��
��
�
��
��
�
��
��
�
��
��
��
�
��
��
�
�
�
���
�
��
��
��
�
��
��
��
�
��
��
��
�
��
��
�
��
��
�
�
��
�
�
�
��
��
�
��
�
�
��
�
�
�
��
�
�
�
��
��
��
�
��
��
��
�
��
�
��
��
��
��
�
��
��
��
�
��
��
�

�� ���
��

�

�

�

�

�

(b)

Fig. 5. Effects of θi and Cmin (n = 2, λ1 = μ1 and λ2 = μ2 = 2μ1)

increases. It is apparent that when the critical RU operation
occurs, the exact unused credit units Cx(t∗) for the user
increases as Cmin increases. That is, the amount of consumed
credit reduces, and the expected credit E[Cd] increases. For
θi = 1/μi, when Cmin increases from 2c to 4c, E[Cd]
increases from 1.60c to 3.41c. In this scenario, we expect
that 3.41 − 1.60 = 1.81 more sessions are complete when
Cmin = 2c than when Cmin = 4c.

[Effects of θi.] Fig. 5 (a) shows that Pf is a decreasing
function of θi. When θi increases, more credit units are granted
to the AS. Therefore, the possibility of force-termination
reduces. For Cmin = 6c, when θi increases from 1/μi

to 2.5/μi, Pf decreases from 1.32% to 0.37%. This effect
becomes insignificant when θi is large (e.g., θi ≥ 5/μi).
Fig. 5 (b) shows that E[Cd] is an increasing function of θi.
For Cmin = 6c, when θi increases from 1/μi to 2.5/μi,
the E[Cd] increases from 5.37c to 7.64c. Fig. 5 (b) also
quantitatively indicates how the θi and Cmin values affect
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(b)

Fig. 6. Effects of Vh,i (n = 2, θi = 2.5μi, λ1 = μ1 and λ2 = μ2 = 2μ1)

E[Cd]. When θi ≤ 1/μi, E[Cd] ≈ Cmin. On the other
hand, E[Cd] >> Cmin as θi increases. For example, when
Cmin = 6c and θi = 10/μi, E[Cd] = 23.63c >> 6c.

[Effects of Vh,i.] Fig. 6 plots Pf and E[Cd] against Cmin and
the variance Vh,i of the Gamma service session holding time
th,i, where n = 2, θi = 2.5μi, λ1 = μ1 and λ2 = μ2 = 2μ1.
Fig. 6 (a) shows that Pf increases as Vh,i increases. This
phenomenon is explained as follows. As Vh,i increases, more
long and short th,i periods are observed. The recharge message
is more likely to be sent in the long th,i periods than the short
th,i periods, and larger residual service session holding time
tr,i are expected. Therefore, Pf increases as Vh,i increases.
Fig. 6 (b) shows that E[Cd] decreases as Vh,i increases. As
Vh,i increases, the recharge message is likely to be sent in
the long th,i periods. Then the possibility that tr,i ≥ Cmin

(i.e., Cd = 0) increases. Therefore E[Cd] decreases as Vh,i

increases.
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V. CONCLUSIONS

This paper studied the Recharge Threshold-based Credit
Reservation (RTCR) mechanism for UMTS Online Charging
System (OCS). In RTCR, when the remaining amount of
prepaid credit is below a threshold, the OCS reminds the
user to recharge the prepaid account. It is essential to choose
an appropriate recharge threshold to reduce the probability
that the in-progress service sessions are forced-terminated. An
analytic model is developed to compute the expected number
E[Nr,i] of the RU operations executed in a type-i service
session, the force-termination probability Pf and the expected
credit E[Cd] left in the user account. We make the following
observations:

• Pf decreases as the recharge threshold Cmin or θi

increases. This effect becomes insignificant when θi is
large (e.g., θi ≥ 5/μi). E[Cd] increases as Cmin or θi

increases.
• Pf increases as the variance Vh,i of the service session

holding time increases, and E[Cd] decreases as Vh,i

increases.
Based on the above discussion, a mobile operator can select
the appropriate Cmin and θi values for various traffic condi-
tions.
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