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ABSTRACT

Introduction of the 3G mobile system has driven the Internet into new markets to
support mobile users. To integrate«IP-with “wireless technologies with the right
business model, the 3rd Generation Partnership Project (3GPP) proposed UMTS
all-IP architecture that evolved from Global System for Mobile Communications
(GSM) and General Packet Radio Service (GPRS)..3GPP Release 5 introduces the IP
Multimedia Core Network Subsystem (IMS) on top of the PS service domain to
provide multimedia services. Before the benefits of IMS and all-IP can be realized, a
fundamental issue must be addressed is charging/billing, which is one of the most
important activities in telecommunications.

In order to successfully promote IMS services, how to charge packet data service
accurately and reasonably has become a major concern of operators. The deployment
of the IP multimedia services requires effective charging management system and
efficient service delivery mechanism. Therefore, 3GPP Releases 5 and 6 propose the
convergent and flexible IP-based Online Charging System (OCS) to incorporate data
applications with real-time control and management. Through online charging, the
operator can ensure that credit limits are enforced and resources are authorized on a
per-transaction basis.

In mobile data services, there are many factors that affect charging, for example,
the service type, the amount of usage and the provisioned QoS. The design of online



charging system needs to reduce the signaling overhead and improve the system
performance. In the first part of the dissertation, we first study how to develop an IMS
application server to integrate existing IP-based prepaid services in the UMTS
environment. When both voice and messaging are simultaneously offered, a potential
problem is that the delivery of a prepaid message during a call may result in
force-termination of that call due to credit depletion. To address this issue, we
describe a strategy to determine if a prepaid message can be sent out during a call

session.

In the second part of the dissertation, we investigate how to provide efficient
credit quota management with lower signaling overhead and higher accuracy in the
OCS. Specifically, we study the credit reservation and credit re-authorization
mechanisms in the OCS, which are two most essential procedures in online charging
management. First, we study the online credit reservation procedure for prepaid users
in the UMTS online charging system. When the remaining amount of prepaid credit is
below a threshold, the OCS should remind the user to refill the prepaid account. It is
essential to choose an appropriate recharge threshold not only to avoid forced
termination for the in-progress service sessions but also to decrease the recharge
signaling overhead. Then we foeus on-the'online credit re-authorization procedure of
the OCS. The main objective is to reduce. the traffic signaling overhead for credit
re-authorization due to frequency QoS changes. We propose a threshold-based scheme
that can significantly reduce the number of re-authorization message exchanges
during a session.

We also develop analytic models and simulations experiments to evaluate the
performance of the proposed schemes. Based on our study, the mobile operator can
achieve high performance in the online charging management by configuring
appropriate parameters.

Keywords: The 3rd Generation Partnership Project (3GPP), IP Multimedia
Subsystem (IMS), mobile communication network, online charging,

prepaid services
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Chapter 1

Introduction

By providing ubiquitous connectivity for data communications, the Internet has become
the most important vehicle for global information delivery. Introduction of the 3G mobile
system has further driven the Internet into new markets to support mobile users. Specif-
ically, the Internet Protocol (IP) has played a major role in UMTS in providing a wide
range of connectionless services to mobile users [37].

Internet environment encourages glp_bal usage with flat-rate tariffs and low entry costs.
A major problem of the “flat-rate” ‘féfiffs is that such business model cannot justify the
expensive equipment/operation r_ir'r_li/estrﬁegrits"_- c_)_f: mijle services. Mobile telecom opera-
tors have to move from a bit-pipe mrodvelz,t'(o. a revéilue—generating services model. To
integrate IP with wireless techn&légiest_:ﬁ%tm “lvight” business model, the 3rd Genera-
tion Partnership Project (3GPP) ﬁféposed UMTS all-IP architecture to enable Web-like
services and new billing paradigm in tﬂe telébhony world. This architecture has evolved
from Global System for Mobile Communications (GSM) and General Packet Radio Service
(GPRS) [1, 12]. 3GPP Release 5 introduces the IP Multimedia Core Network Subsystem
(IMS) on top of the PS service domain to provides multimedia services [18]. This evolution
requires new mechanisms to collect information about chargeable events and to impose
flexible mobile billing schemes (such as time-based, volume-based, or content-based). By
creating hybrid online/offline billing models, 3GPP Releases 5 and 6 propose the IP-based
Online Charging System (OCS) [10] to allow both prepaid and postpaid subscribers to be
charged in real-time. Through online charging, the operator can ensure that credit limits
are enforced and resources are authorized on a per-transaction basis. From a subscriber’s
perspective, knowing the charges in advance and having self-imposed credit limits can
make the cost of services more transparent. In other words, real-time rating/charging

functions help subscribers to control their budget, and telecom operators to reduce bad



debt.

Online charging requires a single set of management processes, such as service devel-
opment, production support and pricing, which reduces operational costs and enhances
flexibility on billing and product diversification. The OCS approach is estimated to re-
duce 25% of the product launch costs [28]. This real-time solution provides two-way
communications between network nodes and the charging/billing system, which transfer
information about rating, billing and accounting. When the OCS receives a service re-
quest, it queries other relevant components, then determines and returns a response to
the network node. In contrast, in an offline environment, all usage records typically flow
through the billing system in one direction after the service has been delivered.

This introductory chapter first describes the motivation of our work on the mobile
online charging mechanism. We briefly introduce the UMTS/IMS architecture and its
[P-based online charging system. Then we present the mobile charging protocol that used
to control online IMS services in real-time. Finally, we discuss the performance analysis
issues on the mobile online charging system and the organization of this dissertation.
1.1 Motivation &, .=

Traditional voice and basic data si_ervic:te?,r_s'l.léh as :Sho;irt Message Service (SMS) and Mul-
timedia Messaging Service (MMS) deliyé?i@th:q principal sources of revenue for most
mobile operators. The deployment' Bf' IMS will br'ifnlg more competition for more special-
ized services and content. However, before the benefits of IMS and all-IP can be realized,
a fundamental issue must be addressed is charging/billing, which is one of the most
important activities in telecommunications. The [P-based services for GPRS and IMS
specify more critical charging requirements that impose flexible mobile billing schemes
(e.g., time-based, volume-based, content-based) [20, 29, 56].

With the wide application of packet data service, how to charge packet data service
accurately and reasonably has become a common concern of operators. Creating a killer
environment has now become a key point in terms of competition. The deployment of
the TP multimedia services requires effective charging management system and efficient
service delivery mechanism. Therefore, advanced mobile telecom requires a convergent
and flexible online charging system to incorporate data applications with real-time control
and management. Such convergence is essential to mitigate fraud and credit risks and

provide more personalized advice to users about charges and credit limit controls.



In mobile data services, there are many factors that affect charging, for example, the
content type, the radio access technology, the location information, the amount of usage,
the provisioned QoS and so on [4, 5, 7, 9, 11, 16]. The design of online charging system
needs to reduce the signaling overhead and improve the system performance. In this dis-
sertation, we first study how to develop an IMS application server to integrate existing
[P-based prepaid services in the UMTS environment. Then we investigate how to provide
efficient credit quota management with lower signaling overhead and higher accuracy in
the OCS. Specifically, we study the credit reservation and credit re-authorization mecha-

nism in the OCS, which are two most essential procedures in online charging management.

1.2 IP Multimedia Core Network Subsystem Archi-
tecture

To effectively integrate mobile technology with the Internet, 3GPP Release 5 introduces
the IMS architecture that effectively provides multimedia services [6, 8, 18, 47]. The IMS
protocols allow the telecom operators to bring attractive new services to their customers.
Such protocols are namely Sesszon [mtmtwn Protocol (SIP) for signaling and Diameter
for Authentication, Authomzatzon and Accountzng (AAA) This section introduces the
UMTS/IMS architecture. - i .~ -

As illustrated in Fig. 1.1, the IMS conmects-the Gateway GPRS Support Node (GGSN;
Fig. 1.1 (a)) with the external Packet'Data Network (PDN; Fig. 1.1 (b)) and the Public
Switched Telephone Network (PSTN; Fig. 1.1 (i)). In this figure, the dashed lines represent

signaling links and the solid lines represent data and signaling links. The IMS nodes are
similar to those in a SIP-based Voice over IP (VolP) network [27, 49]. Details are

described as follows:

e The Call Session Control Functions (CSCFs; Fig. 1.1 (c), (d), and (e)) are SIP
servers, which are in charge of call control and communications with the Home Sub-
scriber Server (HSS; see Fig. 1.1 (m)) regarding location information. Specifically,
IMS signaling is carried out by the Prozy CSCF (P-CSCF; Fig. 1.1 (¢)), the Interro-
gating CSCF (I-CSCF; Fig. 1.1 (d)) and the Serving CSCF (S-CSCF; Fig. 1.1 (e)).
When a User Equipment (UE) attaches to the GPRS/IMS network and performs
Packet Data Context (PDP) context activation, a P-CSCF is assigned to the UE.

The P-CSCF contains limited address translation functions to forward the requests
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to the I-CSCF. The I-CSCF selects an S-CSCF to serve the UE during the IMS
registration procedure. This S-CSCF supports the signaling for call setup and sup-

plementary services control. All incoming calls are routed to the destination UE

through the S-CSCF.

The Media Gateway (MGW; Fig. 1.1 (f)) transports the IMS user data traffic. The
MGW provides user data transport between the UMTS core network and the PSTN

(including media conversion bearer control and payload processing).

The Media Gateway Control Function (MGCF; Fig. 1.1 (g)) controls the media
channels in an MGW.

The Breakout Gateway Control Function (BGCF; Fig. 1.1 (h)) selects the network
in which the PSTN (or circuit switched domain) breakout is to occur. If the BGCF
determines that a breakout is to occur in the same network, it selects an MGCF that
is responsible for interworking with the PSTN. If the breakout occurs in another
IMS network, the BGCF forwards the SIP request to another BGCF or an MGCF
in the selected IMS network. % I,

The Transport Signaling C{?qieway: FI‘—SGW, F1g 1.1 (j)) serves as the PSTN sig-
naling termination point and pr[oyi_déé the PSTN /legacy mobile network with IP

transport level address maﬁping; _SEéefﬁbally;: 1t maps call-related signaling between
the MGCF and the PSTN. v

The Media Resource Function (MRF; Fig. 1.1 (k)) performs functions such as mul-

tiparty call, multimedia conferencing, and tone and announcement.

In Fig. 1.1, an application server (Fig. 1.1 (1)) provides value added IP multimedia

services which reside either in the user’s home IMS or in a third party location. In Chapter

2, we will design an IMS prepaid application server to integrate online prepaid call and

messaging services. The OCS (Fig. 1.1 (n)) performs online charging and collects the

billing information with the CSCFs. Details of the OCS functionalities are described in

the next section.

1.3 IP-based Online Charging System (OCS)

This section introduces the UMTS online charging system. In online charging, network

resource usage is granted by the OCS based on the price or the tariff of the requested

5
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Figure 1.2: The Online Charging System Architecture.

service and the balance in the subseriber’s acéount. Fig. 1.2 shows the OCS architecture
defined in 3GPP 32.296 [10]. Fhe QCS=supports ftwo types of Online Charging Func-
tions (OCFs), namely the SessionBaséd Charging Function (SBCF) and the Event Based
Charging Function (EBCF). The SBCFI(Fig."1.2 (a)) is responsible for network bearer
and session-based services such as voice calls, GPRS sessions or IMS sessions. The EBCF
(Fig. 1.2 (b)) is responsible for event-based services, such as SMS/MMS delivery, and
content (e.g., music or ring tones) downloading.

The Account Balance Management Function (ABMF; Fig. 1.2 (¢)) maintains user
balances and other account data. When a user’s credit depletes, the ABMF connects the
Recharge Server (Fig. 1.2 (f)) to trigger the recharge account function. The SBCF/EBCF
interacts with the ABMF to query and update the user’s account. The CDRs generated by
the charging functions are transferred to the Charging Gateway Function (CGF; Fig. 1.2
(d)) in real-time [32]. The CGF acts as a gateway between the IMS/UMTS network and
the Billing System (Fig. 1.2 (g)).

In this architecture, the Rating Function (RF; Fig. 1.2 (e)) determines the price/tariff

of the requested network resource usage. The RF handles a wide variety of ratable in-



stances, including data volume, session/connection time, or service events. In addition,
different charging rates can be adopted for different time segments (e.g., peak hours and
off-peak hours). The OCF interacts with the RF to determine the price/tariff of the
requested service through the Re interface. The details of the message exchanges are

described as follows:

e The Price Request/Response message pair determines the price for an event-based
service (e.g., SMS). This message exchange can be executed before the service deliv-
ery (e.g., for advice of charge and prepaid service) or after service delivery (e.g., for
postpaid service). Based on the price information, the EBCF calculates the amount

of credit granted to the network nodes.

e The Tariff Request/Response message pair determines the tariff information for
a session-based service (e.g., voice calls). Based on the tariff information, the SBCF

calculates the amount of credit granted to the network nodes.

1.4 IP-based Online Charging Protocol

This section presents the mobile{_;(:}'mlrgilrgrgl,=i= Ep'i_"o_‘_tb(':ol" Kt'hat used for credit control of online
IMS services. The Diameter proﬁp@ol Wg@(fi'éfived frorr;; Remote Access Dial In User Service
(RADIUS) protocol with more ﬂé}_gjbility, and is ge:qerally believed to be the next genera-
tion Authentication, Authom’zation; 'dnnd‘Accoyntfirigp(AAA) protocol [21, 45, 46]. Diameter
is an extensible protocol enabling AAA With.in and across IP multimedia networks that
relies on secure and reliable transports. Its modular architecture offers a flexible base
protocol which allows application-specific extensions. Diameter has proven successful in
overcoming the limitations of RADIUS. Development of new IP- and telephony-based ser-
vices is gaining momentum, and every service requires charging. Therefore, rapid growth
in the usage of Diameter-based charging can be expected. The 3GPP has chosen the
Diameter protocol to enable IMS network AAA capabilities [18, 39, 42].

Like RADIUS, Diameter follows the client-server architecture, where a client and a
server interact through the Diameter request and answer message exchange. Several
Diameter applications defined by Internet Engineering Task Force (IETF) are utilized
in IMS, including the Diameter Credit Control (DCC) application for IP-based online
charging control [30]. All-IP mobile network utilizes the DCC application to communicate

with the OCS [10, 15]. In IMS online charging, the IMS network node (e.g., CSCF) acts



as a DCC client and the OCS acts as a DCC server. In this section, we describe the

Diameter credit control messages and the Diameter message flow.

1.4.1 Diameter Credit Control Message

The DCC messages are described as follows: The Credit Control Request (CCR) message is
sent from the DCC client to the DCC server to request an amount of credit for an online

service. The CCR message contains the following Attribute Value Pairs (AVPs) [15, 30]:
e The Session-Id AVP identifies the credit control session.

e The Origin-Host and the Origin-Realm AVPs contain the address and the realm of
the DCC client.

e The Destination-Host and the Destination-Realm AVPs contain the address and the

realm of the DCC server.

e The Auth-Application-Id AVP contains value 4 as defined in RFC 4006 [30]. This

value indicates the DiameterrGf;e'(iit Control Application.

e The Service-Conteat-Id AVP contaitiy f_l_lgé"identi_ﬁer allocated by the service provider
or by the standardization hody. | i

e The CC-Request-Type AVP"r»irrc{igz-xtesr t'iqrev _cfédit control request type for the on-
line service. It can be one of the folldWiﬁg types: INITIAL_REQUEST (value 1)
initiates a credit control session. UPDATE_REQUEST (value 2) contains update
credit control information for an in-progress session. This request is sent when the
credit units currently allocated for the session are completely consumed. TER-
MINATION_REQUEST (value 3) terminates an in-progress credit control session.
EVENT_REQUEST (value 4) is used in one-time credit control for event-based

service.
o The CC-Request-Number AVP contains the sequence number of the message.

e The Subscription-Id AVP contains the identification of the user, which can be a
SIP Uniform Resource Identifier (URI), an International Mobile Subscriber Identity
(IMSI) or a Mobile Station ISDN Number (MSISDN).



The Termination-Cause AVP is presented if the C'C-Request-Type is set to TERMI-
NATION_REQUEST. This AVP provides the reason why the credit control session
is terminated. For example, DIAMETER_LOGOUT (value 1) indicates that the

user terminates the credit control session.

The Requested-Action AVP is only presented in the EVENT_REQUEST message.
This AVP specifies the action for the event, such as DIRECT_DEBITING, RE-
FUND_ACCOUNT, CHECK_BALANCE or PRICE_ENQUIRY.

The Multiple-Services-Credit-Control AVP contains the parameters for quota man-
agement, including the amount of request credit, the amount of used credit, the

reporting reason, the identity of the used service, and the identifier of the rating

group.

The User-Name AVP contains the user name in the Network Access Identifier (NAI)
format according to RFC 3588 [21].

The Event-Timestamp AVP specifies théssime when the accounting message is cre-

ated. 4 St

] B
|

The Service-Information AVP contaih's" the service specific parameters.
=t | i

The Credit Control Answer (CCA) messagels _éént from the DCC server to the DCC

client to grant an amount of credit for thergnline service. The CCA message contains the

following AVPs:

The Result-Code AVP contains the result of the credit control request.

The CC-Session Failover AVP contains an indication to the DCC client whether or

not a failover handling is used.

The Credit-Control-Failure-Handling AVP determines the action in the Diameter
client when the Diameter server is temporarily prevented, e.g., because of network
failure. The action may be TERMINATE (with value 0), CONTINUE (with value
1) and RETRY_AND_TERMINATE (with value 2).

The Multiple-Services-Credit-Control AVP contains the parameters for the quota
management, including the amount of granted credit, the identifier of the requested

service, the identifier for the rating group, the validity time for the usage of granted
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(DCC Client) (DCC Server)
Reserve Units Operation
1. CCR (INITIAL_REQUEST)
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4. CCA (UPDATE _REQUEST) charging control
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5. CCR (TERMINATE _REQUEST)
Performs
6. CCA (TERMINATE REQUEST) charging control
> |
h I

Figure 1.3: Diaméter Message. Fléw for Online Session.

credit umits (i.e., the tim@ when<the DCC client should perform another credit
control request), and the evénts (such as QoS changes or SGSN changes) that will

trigger credit re-authorization procedure.
e The Cost-Information AVP contains the cost information of the requested service.

e The Session-Id, the Origin-Host, the Origin-Realm, the Auth-Application-Id, the
CC-Request-Type, the CC-Request-Number, the Service-Information AVPs are sim-

ilar to those in the CCR message.

1.4.2 Diameter Message Flow

The Diameter message flow for session-based online charging includes three types of credit
control operations: Reserve Units operation (Steps 1 and 2 in Fig. 1.3), Reserve Units
and Debit Units operation (Steps 3 and 4 in Fig. 1.3) and Debit Units operation (Steps

5 and 6 in Fig. 1.3). The following operations are executed for session-based service.

Step 1. [Reserve Units (request)] To start the service with credit reservation, the net-

10



work node (e.g., GGSN or S-CSCF) sends the CCR message with CC-Request-Type
“INITTAL_.REQUEST” to the OCS. This message indicates the amount of requested

credit.

Step 2. [Reserve Units (answer)] Upon receipt of the CCR message, the OCS determines
the tariff of the requested service and then reserves an equivalent amount of credit.
After the reservation is performed, the OCS acknowledges the network node with

the CCA message including credit reservation information.

Step 3. [Reserve Units and Debit Units (request)] During the service session, the granted
credit units may be depleted. If so, the network node sends a CCR message with

CC-Request-Type “UPDATE_REQUEST” to the OCS. The network node reports

the amount of used credit, and requests for additional credit units.

Step 4. [Reserve Units and Debit Units (answer)] When the OCS receives the CCR mes-
sage, it debits the amount of consumed credit and reserves extra credit units for the
service session. The OCS acknowledges the network node with the CCA message with
the Result-Code “DIAMETER:_:S-UQCESH_S;"“ and the amount of the reserved credit.
Note that the Reserve Unit§ afid erbltUmts .operation (i.e., Steps 3 and 4) may

repeat many times before the"service-session is-complete.
i | g

Step 5. [Debit Units (request)] Whéh—"ﬁhé ‘Séfﬁice':_!session is complete, the network node
sends the CCR message with CC’;Request—‘Type “TERMINATE_REQUEST” to the
OCS. This action terminates the session and reports the amount of the consumed

credit.

Step 6. [Debit Units (answer)] The OCS debits the consumed credit units and releases
the unused reserved credit units. The OCS acknowledges the network node with

the CCA message. This message may contain the total cost of the service.

1.5 Online Charging Scenarios

In this section, we elaborate more on how the IMS node and the OCS can manage online
credit for the service delivery in real-time. 3GPP Release 6 defines three kinds of online
charging: immediate event charging, event charging with unit reservation and session
charging with unit reservation. The message flows for these online charging scenarios are

explained in the following subsections.
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Figure 1.4: IMS Message Flow for Immediate Event Charging.

1.5.1 Immediate Event Charging

In immediate event charging, credit allocation to an IMS node is performed in a single
operation, and the credit units are dedﬁcted iﬁimediately from the subscriber’s account.
Assume that UE1 subscribes to the mess,égringrservriée with online charging. The message
flow for IMS event-based messa,;ging service toffere(i by an IMS messaging application

server) is described below (see Fig. 14 ) amyrrrn

Step 1. Subscriber UE1 sends a SIP MESSAGE réquest to the IMS messaging application
server through the P-CSCF and the S-CSCF.

Step 2. The application server sends a CCR message with CC-Request-Type “EVENT_
REQUEST” and Requested-Action “DIRECT_DEBITING” to the EBCF in the
OCs.

Step 3. Upon receipt of the credit control request, the EBCF requests account infor-
mation for the subscriber (such as billing plan and subscription profile) from the
ABMEF. Then the EBCF sends a Price Request message to the RF. The RF de-
termines the price of the service based on the subscriber’s billing plan. Specifically,
the RF calculates the price for the given service according to the service and sub-
scriber information specified in the request. The calculated price and the billing

information is returned to the EBCF through the Price Response message.
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Online Charging System
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Figure 1.5: IMS Message Flow for Event Charging with Unit Reservation.

Step 4. The EBCF performs credit unitydeduction through the ABMFE. When the deduc-
tion is complete, the EBCF replies to the application server with the CCR message.

Step 5. After the application Sefver has obtained thei"'credit indicated in the CCR message,
it delivers the messaging service to UELIf the service is delivered successfully, the
application server sends a SIP 200 OK message to UEL through the S-CSCF and
the P-CSCF. If the credit control fails,"an appropriate SIP error message (e.g. 401
Unauthorized or 402 Payment Required) is sent to UEL.

1.5.2 Event Charging with Unit Reservation

Event charging with unit reservation conducts reserving and returning unused credit units

for an event-based service. The message flow in Fig. 1.5 is described as follows:

Step 1. Subscriber UE1 sends a SIP MESSAGE request to the IMS messaging application
server through the P-CSCF and the S-CSCF.

Step 2. The application server sends a CCR message with C'C-Request-Type “INITTIAL_
REQUEST” to the EBCF of the OCS.

Step 3. Upon receipt of the CCR message, the EBCF requests account information for
the subscriber from the ABMF. Then the EBCF sends a Price Request message to
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Figure 1.6: IMS Session with Online Charging.

the RF. This message includes the subscription identity and the service information.
The RF then determines the price of the messaging service. Through the Price
Response message, the calculated price‘and the billing information is returned to

the EBCF.

Step 4. The EBCF performs credit unit-zeservation with the ABMF. Then it replies to

the application server with the CCR'message indicating the amount of granted credit.

Step 5. After the application server has‘obtained the credit, the messaging service is
delivered to UE1, and then a SIP 200 OK message is sent to UE1 through the S-
CSCF and the P-CSCEF. If the credit control fails, an appropriate SIP error message
(e.g., 401 Unauthorized or 402 Payment Required) is sent to UEL. Assume that

the credit control succeeds, Step 6 is executed.

Step 6. After the message is successfully delivered, the application server sends the
CCR message with CC-Request-Type “TERMINATE_REQUEST” to the EBCF. The
EBCF debits the consumed credit from the subscriber’s account. Then the OCS

replies to the application server with the CCA message.

1.5.3 Session Charging with Unit Reservation

Session charging with unit reservation is performed in credit control for session-based

services. Consider an online charging scenario in Fig. 1.6, where UE1 makes an IMS call
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S-CSCF1 | SBCF

Online Charging System

1. INVITE

5.2000K |[*

L INVITE _

RF

IMS signaling for call
establishment with UE2
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2. CCR (INITIAL_REQUEST)
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to UE2. We assume that the tariff information for this service is not changed during the
session. In Chapter 4, we will consider the scenario where the tariff information is expired

during a service session for reasons such as QoS change. The IMS message flow for session

Figure 1.7: IMS Message Flow for Session Charging with Unit Reservation.

IMS call connection to UE2

6. CCR (UPDATE_REQUEST)

Y

6. CCA (UPDATE_REQUEST)

«

IMS call release

7. CCR (TERMINATE REQUEST)

7. CCA(TERMINATE _REQUEST)

charging with unit reservation (see Fig. 1.7) is described as follows:

Step 1. Subscriber UE1 sends a SIP INVITE request to S-CSCF1 through P-CSCF1.

Step 2. S-CSCF1 sends a CCR message with C'C-Request-Type “INITIAL_REQUEST” to
the SBCF of the OCS. The Service-Information AVP contains the service parameters
for the IMS sessions and the Session Description Protocol (SDP) parameters for the
voice packets [6, 31].

Step 3. Upon receipt of the CCR message, the SBCF retrieves the account information
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and the subscribed profile from the ABMF. Then the SBCF sends a Tariff Request
message to the RF to determine the tariff of the IMS call. Based on the subscriber
information, the RF replies the Tariff Response message to the SBCF. This mes-

sage includes the billing plan and the tariff information for the IMS service.

Step 4. When the tariff information is received, the SBCF performs credit unit reserva-
tion with the ABMF. Then it replies to S-CSCF1 with the CCA message containing
the granted credit (e.g., the number of minutes or bytes allowed). In this example,

the request is successfully processed with Result-Code “DIAMETER_SUCCESS”.

Step 5. After S-CSCF1 has obtained the granted credit units, it continues the call setup
to UE2 (through P-CSCF2 and S-CSCF2). When UE2 accepts the call, a SIP 200
OK message is sent to UE1 through S-CSCF1 and P-CSCF1. At this point, the IMS

session starts.

Step 6. During the service session, S-CSCF1 supervises the network resource consump-
tion by deducting the granted crre_dit.uni‘tis. If the granted credit is depleted, the S-
CSCF'1 sends another CCR mesl.snagerwith, é’C'e_Request— Type “UPDATE_REQUEST”
to the SBCF. Through thié'mességfe,i'_' S-CSCFl also reports the amount of used
credit, and requests additional credit:f(gr. the re;naining session. The SBCF deducts
the consumed credit and fﬁnservégvi(;émredit. from the ABMF. Then the SBCF
acknowledges S-CSCF'1 with-'tihe'CCA mesSag‘ér including the amount of the next re-
served credit. Note that this step.may ‘fépeat several times before a service session

is complete.

Step 7. When the service session is complete, S-CSCF1 sends another CCR message with
CC-Request-Type “TERMINATE_REQUEST” to the SBCF. The SBCF debits the
consumed credit units from the subscriber’s account with the ABMF. Then the

SBCF sends the CCA message to S-CSCF1.

1.6 Dissertation Organization

Based on the above discussion, we present the performance analysis issues of the mobile
online charging system and the dissertation organization. This dissertation contains five
chapters in addition to this introductory chapter. Details for each chapter are described

below.
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In Chapter 2, we develop an IMS prepaid application server to handle both the prepaid
calls and messaging services in UMTS/IMS environment. When both voice and messaging
are simultaneously offered, a potential problem is that the delivery of a prepaid message
during a call may result in force-termination of that call due to credit depletion. To
address this issue, we describe a strategy to determine if a prepaid message can be sent
out during a call session. We propose an analytic model to investigate the performance
of this strategy.

In Chapter 3, we study the online credit reservation procedure for prepaid users in
the UMTS online charging system. When the remaining amount of prepaid credit is
below a threshold, the OCS should remind the user to refill the prepaid account. It is
essential to choose an appropriate recharge threshold not only to avoid forced termination
for the in-progress service sessions but also to decrease the recharge signaling overhead.
An analytic model is developed to investigate the performance of this threshold-based
recharge mechanism.

Chapter 4 focuses on the online credit re-authorization procedure of the OCS. The
main objective is to reduce the traﬂie'éighaliﬂg' overhead for credit re-authorization due
to frequency QoS changes. In the OCS aFchltecture described in Section 1.3, the ABMF
and the SBCF may physically reside at dlfferent (a,nél possibly remote) locations. There-

fore, the message exchanges in the cred}t re—authorlzatlon may be expensive, and it is

desirable to reduce the Slgnahng overhead We pfopose a threshold-based scheme that
can significantly reduce the number of ABVF message exchanges during a session. An
analytic model is developed to investigate the performance of this scheme.

We also conduct simulation experiments to validate the analytic models proposed in
Chapters 2-4. Finally, Chapter 5 concludes this dissertation and gives the future directions

of this work.
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Chapter 2

Design of IMS Prepaid Application
Server for SIP-based Services

The Short Message Service (SMS), which allows mobile users to send and receive simple
text messages up to 140 bytes, is a mature wireless communication service. Most modern
digital cellular phone systems offer SMS, which is considered a profitable value-added
service [14, 41, 43]. In UMTS, Multimedia Messaging Service (MMS) is introduced to
deliver messages that range in size fromh’ 30K'by»t¢s to 100K bytes [2, 13]. Formats that
can be embedded within MMS inciude te?;t (féymzﬁt_ed with fonts, colors, and other style
elements), images (in JPEG o GIF fo}mzlzzcs'); aﬁcﬁo (in MP3 or MIDI formats) and
video (in MPEG format). With',rthe gr‘ow,in@mandf of instant messaging services, RFC
3428 [22] proposes the MESSAGE ;ﬁethﬁa, a'KSfP,e‘thension that allows transfer of instant
messages over the Internet. With tliis extensi(;n, Internet services (such as mail and
instant messaging [44]) can be integrated with SMS/MMS through the IMS.

Billing mechanisms for messaging (including both SMS and MMS) and VolP (espe-
cially for IMS calls toward the PSTN) are typically deployed for postpaid services. On the
contrary, the prepaid billing mechanisms for combining these services are seldom studied
in the literature. This chapter proposes a prepaid application server approach that can
simultaneously process prepaid charging for SMS/MMS message deliveries and IMS calls.
When both voice and messaging are simultaneously offered in the prepaid application
server, a potential problem is that the delivery of a message during a call may result in
force-termination of that call due to credit depletion. To address this issue, we describe
a strategy to determine if a prepaid message can be sent out during a call session. An
analytic model is derived to investigate the performance of this strategy. Based on our

study [53], we provide guidelines to select appropriate input parameters for the prepaid
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application server. The notation used in this chapter is listed in Section 2.7.

2.1 Prepaid Application Server of SIP-based Services

In the IMS architecture described in Section 1.2, the CSCF is basically a SIP server
responsible for call control. Other IMS nodes for VoIP include the MGCF, the MGW and
the T-SGW. These IMS nodes interact with each other through SIP [47, 18] signaling.
SIP-based prepaid services in the Internet have been recently investigated (see [54, 55] and
the references therein). In 3GPP Release 6, the Online Charging System (OCS) supports
prepaid services for IMS. However, how to manage and allocates credit for the SIP-based
prepaid services is not mentioned in the 3GPP specifications. Therefore a network entity
is required to provide these functionalities without modifying the existing network entities
such as the OCS and the CSCF. This section proposes a Prepaid Application Server (PAS)
to manage credit allocation for both the prepaid SIP calls and messaging services in IMS.
In Chapters 3 and 4, we will also consider credit reservation in various scenarios.

Fig. 2.1 illustrates the PAS that interacts with several network nodes in the IMS
network: The CSCF (Fig. 2.1 (a)) 'ﬁfﬂizes; SIE‘it"o'-provide control signaling for IP-based
multimedia services. The MGCE; thd MEW landsthe- T-SGW (Fig. 2.1 (b)) interwork the
IMS with the PSTN. The User E"q"uipma_;t:((UE; Fig. ;2.1 (c)) includes the SIP user agent
to support IMS calls and SIP—baé'e_d insgant rr;iéésaging services. The [P-Message Gateway

(Fig. 2.1 (d)) translates the SIP—ba'Ls‘ed"i.nstan‘t‘ fnessages into short /multimedia messages.
The Short Message Service - Interworking Mobile Switching Center (SMS-IWMSC; see
Fig. 2.1 (e)) sends/receives SMS to/from the IP-Message Gateway using standard SS7
Mobile Application Part (MAP) signaling [14], while the MMS Relay/Server (see Fig. 2.1
(f)) sends/receives MMS to/from the IP-Message Gateway. By exchanging Diameter
Credit Control Request (CCR) and Credit Control Answer (CCA) messages, the PAS (Fig. 2.1
(g)) interacts with the OCS (Fig. Fig. 2.1 (h)) to reserve the amount of prepaid credit
and process the online charging information. The PAS sets up prepaid IMS-to-PSTN
calls through the MGCF, the MGW and the T-SGW, and supports prepaid SMS/MMS
services through interaction with the IP-Message Gateway.

The prepaid call function in PAS works as follows: By utilizing the Back-to-Back User
Agent (B2BUA) technique [55], the prepaid charging mechanism is inserted into a SIP
connection session by breaking it into two sub-sessions. In this way, the PAS can monitor

and terminate the call session when the prepaid credit is depleted. To set up an IMS-to-
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Figure 2.1: IMS Environment for SIP-based Prepaid Services.
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PSTN call for an IMS user UEL, the signaling message is first routed from UE1 (Fig. 2.1
(c)) to the CSCF (Fig. 2.1 (a)). The CSCF identifies the charging type of the service
(i.e., prepaid or postpaid). For a postpaid SIP request, the call is set up by standard
IMS procedures. For a prepaid SIP request, the CSCF forwards the request to the PAS
(Fig. 2.1 (g)) for further authorization and call session control. The details are given in

the next section.

2.2 Integrating Charging for Prepaid Calls and In-
stant Messaging

This section first describes prepaid IMS-to-PSTN call setup and release. Then we describe
instant message delivery through the prepaid mechanism. Finally, we describe the PAS

charging policy for integrating IMS-to-PSTN calls and instant messages.

2.2.1 Prepaid IMS-to-PSTN Call Setup and Release

Consider the scenario where an IMS uset)(WEL; Fig. 2.1 (c)) makes a VoIP call to a PSTN
user (Phone2 in Fig. 2.1 (i)). In thié'cas:e'L;che—'PA.S" (i.e., the prepaid B2BUA) breaks the
SIP session between UE1 and thé MGCFmtb one s"u.bsession (subsession 1) between UE1
and the PAS (Fig. 2.1 (g)) and ;aﬁotherrvﬁmidn (éubsession 2) between the PAS and
the MGCF (Fig. 2.1 (b)). el .

In Fig. 2.1, the SIP INVITE redhéét from‘UEﬂl (a prepaid user) is first routed to the
PAS through the CSCF (path (1)—(2)—(3)—(4)) to establish subsession 1. Then the
PAS interacts with the OCS to reserve the subscriber’s credit (path (5)). When the user’s
authorized time (i.e., the prepaid credit) is granted, the PAS generates a new INVITE
message for subsession 2, and then sends it to the MGCF through path (6). The MGCF
instructs the T-SGW to deliver the call setup request to Phone2 via path (7). When the
called party answers, the answer message is sent to the PAS through path (7)—(6). Then
the PAS responds SIP 200 0K to UE1 through path (4)—(3)—(2)—(1). Finally, the PAS
starts an authorized session timer with the value (the available prepaid credit) granted
from the OCS. UE1 then sends the ACK message (for subsession 1) to the PAS through
path (1)—(2)—(8); note that the ACK message need not be routed through the CSCF.
The PAS sends the ACK message (for subsession 2) to the MGCF through path (6). At
this point, the MGW opens a Real-time Transport Protocol (RTP) [50] connection so that
UE1 can communicate with Phone2 through the MGW. The media path for the prepaid
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Figure 2.2: Message Flow for Prepaid IMS-to-PSTN Call Setup and Release.

call is (1)—(2)—(9)—(10). If the prepaid credit is exhausted (i.e., the authorized session
timer expires) before the conversation is complete, the call is forced to terminate by the
PAS. When the authorized session timer expires, the PAS sends the BYE messages to
both UE1 (path (8)—(2)—(1)) and Phone2 through the MGCF (path (6)). Specifically,
the MGCF instructs the MGW to release the RTP connection, and the subsequent voice
packets delivered between UE1 and Phone2 are not allowed to pass through the MGW.
The MGCEF instructs the T-SGW to ask Phone2 to release the call via path (7). Finally,
the PAS triggers the OCS to debit the user account through path (5). The message flow

for the prepaid call setup and force-termination is described below (see Fig. 2.2).

Step 1. The SIP INVITE request from UE1 is first routed to the PAS through the CSCF.




Step 2. The PAS sends a CCR message with CC-Request-Type “INITIAL_ REQUEST” to
the OCS to reserve the subscriber’s credit. The OCS replies to the PAS with the

CCA message containing the credit information (i.e., the user’s authorized time).

Step 3. When the user’s authorized time quota is granted, the PAS generates a new
INVITE message for subsession 2, and then forwards it to the MGCF.

Step 4. The MGCF instructs the T-SGW to deliver the SS7 ISUP Initial Address
Message (IAM; the SS7 call setup message [36]) to the terminating switch of Phone2.
When the called party answers, the SS7 ISUP Answer Message (ANM) is sent to the
T-SGW. Then the T-SGW sends an [P-based ANM message to the MGCF.

Steps 5 and 6. The MGCEF sends a final response 200 OK to the PAS; the PAS sends a
final response 200 OK to UEL.

Step 7. UE1 sends the ACK message (for subsession 1) to the PAS; the PAS sends the
ACK message (for subsession 2) to the MGCF. At this point, the MGW opens a RTP
connection so that UE1 and Phoﬁé 2 can deliver voice packets through the MGW.
Finally, the PAS starts an authorlzad sess1on timer with the value (the available

prepaid credit) granted from the OCS : :'g
A } -
Step 8. If the prepaid credit is exhausted d Before: the conversation is complete (i.e., the

authorized session timer exp1res) the call i forced to terminate by the PAS. The
PAS will send the BYE messages to both UE1l and the MGCF. Then the MGCF
instructs the MGW to release the RTP connection, and the subsequent voice packets

delivered between UE1 and Phone2 are not allowed to pass through the MGW.
Step 9. UE1 and the MGCEF reply to the PAS with 200 0K messages.

Step 10. The MGCF instructs the T-SGW to send the SS7 ISUP Release Message
(REL) to the terminating switch of Phone2. The terminating switch replies to the
T-SGW with the SS7 ISUP Release Complete (RLC). Then the T-SGW sends an
[P-based RLC message to the MGCEF.

Step 11. Finally, the PAS sends a CCR message to the OCS. The CC-Request-Type of
the message is “TERMINATE_REQUEST”. The OCS debits the user account, and
then replies the PAS with a CCA message.
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Figure 2.3: Message Flow for Prepaid Messaging Delivery.

2.2.2 Prepaid Instant Messaging, Delivery

The message flow for prepaid instant messagihg sérvice is shown in Fig. 2.3, and is de-

scribed in the following steps:

Step 1. A prepaid user UE1 sends ‘the STP MESSAGE request to the PAS through the
CSCF (including P-CSCF and S-GSCF). The instant message to be delivered is
attached in this SIP request.

Step 2. The PAS sends a CCR message to the OCS. The CC-Request-Type is “EVENT
_REQUEST”. The OCS debits the subscriber’s prepaid account, and then replies
to the PAS with the CCA message containing the cost information (i.e., the amount

of credit charged for this service).

Step 3. If the amount of prepaid credit in UE1’s account is large enough to cover the
charge for the messaging service, the PAS forwards the MESSAGE request to the
[P-Message Gateway.

Step 4. The IP-Message Gateway retrieves the instant message content from the MESSAGE
request and delivers it to UE2 through the SMS/MMS network.
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Step 5. The IP-Message Gateway sends the SIP 200 0K message to UE1 through the
PAS and the CSCF.

2.3 Analytic Modeling for Prepaid Application Server

The PAS for pure voice services or pure message services can be easily implemented as
described in Section 2.2. However, when both voice and messaging are simultaneously
offered, an important issue must be resolved for the PAS. That is, during a prepaid IMS-
to-PSTN call, the user may attempt to send messages. Deduction of prepaid credit for
sending out this message may result in insufficient credit left for the in-progress prepaid
call. (Note that a message can be a short text or a huge multimedia data file which causes
large deduction.) In this case, the IMS-to-PSTN call is forced to terminate. Therefore, a
strategy is required to determine if the prepaid message can be sent out without causing
force-termination of an on-going call. To avoid unnecessary force-termination, we set a
threshold amount X7 of credit units to protect the in-progress IMS-to-PSTN call. Con-
sider the timing diagram in Fig. 2. 4 A prepald call arrives at t; and completes at 3.
Without loss of generality, we assume that cach fime unit (TU) of the call is charged for
1 credit unit (CU). A prepaid authorlzed tlme‘r for thls call starts at t; and expires at 4.
That is, the amount of the prepald credlt e Upon receipt of the prepaid message
request at ty, where t; < 1y < t3,»therEASM1ates if the remaining credit x* = t, — ty
suffices to support both the remaiﬁing. call ‘and"the message service. Assume that the
prepaid message service is charged for a ﬁxed amount of 7, credit units. The strategy

used in our PAS is described as follows:

e [f the remaining prepaid credit x* > Xp + T,,,, the message is sent immediately and

the amount of remaining prepaid credits is reduced to z* — T,,.

e If not, the message is stored and will be processed after the IMS-to-PSTN call is

completed.

If X7 is set too large, the PAS may reserve too many prepaid credit units, and there-
fore message deliveries are unnecessarily delayed. If Xr is set too small, the PAS may
reserve too few prepaid credit units for the remaining prepaid call, and therefore results
in unnecessary force-terminated (UFT) calls. We present an analytic model to derive
the UFT (unnecessary force-termination) probability Pyrr and the expected unnecessary

delay E|[t,] with the following assumptions:
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Figure 2.4: Timing Diagram for Prepaid Calls and Messaging Deliveries.

1. Let X be the amount of the initial prepaid credit.

2. The prepaid message arrivals are a Poisson stream with rate \,,. Let N(¢) be the
number of prepaid messages occurring in period . The probability mass function

of N(t) is

LA e
Pr[N(t) =n] = [( '> } e~ mt (2.1)
3. Let 7; be the interval between when thé t-th prfepaid call completes and when the
1 + 1-st prepaid call starts (z > O) miFig2.4, 7, = t; — tg. We define 7y as
the interval between when the prepaid aecount is first activated and when the first

prepaid call arrives. Let 7; be Exponentially distributed with the mean 1/A..

4. The prepaid call holding time ¢, (in Fig. 2.4, t. = t3—t;) is Exponentially distributed

with the density function
fe(te) = pete (2.2)

2.3.1 Derivation for the Remaining Credit Density Function

Consider the timing diagram in Fig. 2.4, where a prepaid call arrives at ¢; and the re-
maining credit left is © = ¢, — t;. To derive Pypr and E[ty], we first derive the density
function f,(x) of . Let N, be the number of prepaid calls completed during [0,%;]. Let
X, be the amount of credit units that are consumed by the prepaid calls arrived before ;.
Since we assume that 1 TU of the call is charged for 1 CU, the amount of the consumed

prepaid credit (i.e., the accumulated call holding times) for these N, prepaid calls is X..
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For N, > 0, X, has the Erlang distribution with the mean N./u and the shape parameter

N.. The conditional probability mass function of N, given that X, = x. can be expressed

as
[(uxc)%il} —HTc
ne—1)! pe —UTc . ne—1
S PR

Let T; = Zf\;co 7;. Since 7; has the Exponential distribution with the mean 1/\., T; has the
Erlang distribution with the mean (N.+1)/A. and the shape parameter N, + 1. Therefore
the density function f7(T;) of T; is

o) = | MR o (24)

Let N,, be the number of prepaid messages arrived before ¢;. In other words, there are
N,, prepaid messages occurring in period X.+7;. Then N,, is a Poisson random variable
with the mean \,,(X. + T;). From (2.1), the probability mass function of N,, can be
expressed as

Pr[N,, = ny] = Pr[N(XC'+'T)-.; nm]— {[A m(Xe + T;)]™

} e XA (2.5)

N

HIETNS e
Note that N(t) (see Eq. (2.1)) fepresents the numb‘er of prepaid messages occurring in
any arbitrary period t. Therefore N, = ANEX ( o+ T ) (sce Eq. (2.5)) represents the number
of prepaid messages occurring before the prepald CaTH arriving at ¢;. From (2.3)-(2.5), the

conditional probability mass function of 1 ys g‘lven that X, = x. is derived as

Pr[N,, = n,| X, = z.]

:Z Pr[NC - nC|XC = l'c] / PI'[Nm - nm|Xc = Te, Nc = ncy i =1 ]fT( )
ne=1 t;=0

_i €_ltac0(:uxc)nc_1 /oo { [)\m(xc + ti>]7’lm€—>\m($c+ti) } |:()\Cti)nc)\ce_>\cti:| »
ne—1 (ne —1)! t:=0 M| ] i

_ [Ny, e~ HtAm)ze ] /oo 6_(/\C+)\m) nm tk N —k—1 i (photiets)
- " t=0 k(i — k)1 = (n, —1)In,! K

B ‘)\C)\mnmef(lﬂr)\m)xc' ”Zm o nc + k xcnm k—1 (/‘LAC‘/I/‘C)TLC
B 1 ] (Ae 4+ A etk | El(ny, — E) | | (ne — 1)In!
- Te nm—k: 1 i ,U)\cl'c Ne

1 | (Ae + Am) k“k!( m — k)! =\ At A

(ne +k)...(n. + 1)
(ne —1)! }

(2.6)
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Let Z = pActe/(Ac+ Ap). Since (Z"C*’“)(k) (ne+k)...(n. +1)Z". Then (2.6) can be

re-written as
Pr[N,, = n,| X, = z.]
)\ /\ nm g —(p+Am)ze ] Bm xcnmfkfl 0 d (chJrk)(k)
l 1% } kzo |:()‘c+ )\m>k+1k'(nm - k)':| nZ:l |:d_Z (nc - 1)' :|

AN " e Am)ee ] L g m k=1 d k)
< _ Zk:—i—l VA 9.
{ } ,; [(Ac+Am)k+1k!(nm — k)!] az (Z7e%) (2.7)

According to the Leibniz’s rule for higher derivatives of products, we can expand Eq.
(2.7) as

1

Pr[N,, = n,| X. = z.]

A, e (W Am)ze ] I g m k-1 "Ik d NN I NCS)
_{ ; }Z[(/\—i-/\ R (e —k)!];(l)ﬁ(z ) %(6)

AAm™ i”: (k4 11) Zk: (Ac‘fim)k_l
= [ (Ac+ M) (0 — | 1I(k k—1+1)!

(N+>\m %c-;\; ) ¢ m—l

When T;, = 0, it is clear that X, = 0 is umzformly dlstrlbuted over (0, X] with the density

1/X. When T,,, > 0 and = > 0, the number of prepald messages that arrived before t; is
at most {XT XCJ From (2.8), , : Liﬁ :
Pr[N,, =g T,n > 0,2 > 0]
_ + Pr[Ny, = np | X = ]
Pr[X > X.+ N,,T,, > 0]
+ Pr[N,, = np| X, = 2]

- Xt
L% sl ey, = npx, =

1
=— Pr[N,, = ny| Xe = 2] (2.9)
C
where
x ]
C':/ Pr[N,, = n|X. = t|dt
=0 p=0




53 (225) -

A n—I{+1
=0 | N(k=DYk—-1+1)! <u—|— Am, — ,\CHCW)

- _ P _ i
x{l e~ (WHAm = I (X —iTm Z [(# + A AC“,’”)(X nTm>]} (2.10)

7!

In Fig. 2.4, suppose that there are NN, prepaid messages that are delivered before t; and
assume that X, = X —x — N,,,T,,. When a prepaid call arrives at ¢y, it is clear that the
remaining prepaid credit left is . Therefore, from (2.9), the density function f,(x) of

can be derived as

L]
fo(x)dor= Z Pr[N,, =np| X=X —2x —n, T, T, > 0,2 > 0] (2.11)

Nm =0

where Pr[N,, = n,|X. = z.,T,,, > 0,2 > 0] can be obtained from (2.8), (2.9) and (2.10).

2.3.2 Derivation for the Unnecessary Force-termination Proba-
bility

Based on (2.11), we derive the output measure PUFT for X7 = 0 (that is, a prepaid

message is immediately served 1f &> Tm) In thls case, a call is unnecessary force-

terminated if N(t.) > VT;mJ Based on ( (211), (2.2) and (2.11), if X. > 0, the UFT

probability Pypr can be derived ! as . P

PUFT:/I 0/:_0 Pr |:N(tc) > Lx;mtcﬂ fgttc)-}x(‘r)dtcd:p
/x O/tC_O b P 0

SR Z { ,Mm)(xiTm>i[<u+Am>§x—¢Tm>JJ}

|
=0 =0 J:

X fo(x)dx (2.12)

()\ t)z —Amte

7!

pe Medt f.(z)dz

where f,(z) is expressed in (2.11).

2.3.3 Derivation for the Unnecessary Delay

The output measure E[ty] for X7 > X is derived as follows: A prepaid message that

arrives during an in-progress call must be stored and will be processed after the prepaid

29



call is completed. Since the prepaid message arrivals are random observation points of
the prepaid call holding interval [48], the delay for the message can be considered as the
residual life of the prepaid call. Consider the situation that a prepaid call with the call
holding time t. arrives at t;, where t. = t3 —t; < x —T,,. If a prepaid message arrives at
to during interval [t1, t3], the message is sent at t3 with the delay t; = t3 — t5. According
to the residual life theorem [33] and for X, > 0, the expected unnecessary delay E|[t,] for
the SMS delivery can be expressed as

Eltx > t.+ T,
2E[t|x > t. + Ty

L R L) fo () dtoda

C

N ) (@) dtde
_X — Tm — fszm efﬂx[]_ + T + %(M‘/L‘)2]fx(x)dx
pX =T — [, el + ) fo(x)da]

where f,(z) is expressed in (2.11).

Eltq]=

(2.13)

2.4 Simulation Validation,,

We also developed a simulation filedel for ‘athe PAS ; ‘The simulation experiments are val-
idated against the analytic model developed in this sectlon Base on (2.12) and (2.13),
Table 2.1 lists the analytic and the samulatlmmts for the unnecessary force-termination
probability Pypr and the expected unnecessary‘ delay Eltq4]. Table 2.1 indicates that for
all cases considered in our study, the el:rors a‘u.re within 0.6%. Therefore, the analytic and
the simulation results are consistent.

In this discrete event simulation model for the prepaid application server, an event
e consists of two fields: e.ts is the timestamp of the event and e.type is the event
type. There are three event types: CALL_ARRIVAL (a new prepaid call arrival),
CALL_COMPLETION (a prepaid call completion) and MSG_ARRIVAL (a prepaid
message arrival). These events are inserted into an event list, and are deleted/processed
from the event list in the non-decreasing timestamp order. The output measures of
the simulation are C' (the number of call arrivals), N (the number of unnecessary force-
terminated calls), M (the number of message deliveries which arrive during the in-progress
calls), and T} (the accumulated delay for these M messages). These output measures are

used to compute Pyprr and Elty] as follows:
PUFT:N/C and E[td]:Td/M

30



End

e A

Compute the
output measures

n<10,000,000

Set X; X7, x=X;
N=0; C=0;
T,=0;, M=0;

Clear the event list and generate the first

CALL_ARRIVAL and MSG_ARRIVAL events.

Set F_Flag=False and C_Flag=False; s=0;

Update x and set
C Flag=False;

n=n+1;

v

Process the next event from the

event list.

CALL_
COMPLETION

Generate the next

MSG_ARRIVAL event and
insert it into the event queue.

6
No
Yes
19 Yes
 J
Set Set
No F Flag=False; | |F Flag=True;
F Flag==True
Update x=x - sT,,; s=0;
Generate the next
CALL_ARRIVAL event and
insert it into the event queue.
v v,
-—

A

Set C_Flag=True and C=C+1;
Generate call holding time ¢,

and set #,~t,; Generate
CALL_COMPLETION event
and insert it into the event queue;

;

Figure 2.5: Simulation Flow Chart.
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Table 2.1: Comparison of the Analytic and Simulation Results (X. > 0, 7,,, = 5 CU,

X = 20T, 1/\, = 50 TU)

1/ (Unit: TU) 1 5 10 50 100
Simulation 43.086% | 13.172% | 6.409% | 1.079% | 0.520%
Analytic 42.960% | 13.196% | 6.419% | 1.078% | 0.520%
Error —0.29% | 0.18% 0.16% | —0.09% | —0.00%

(a) PUFT (XT = O, E[tc] = 5§\C)

E[t.] (Unit: TU) 1 5 10 50 100
Simulation (Unit: TU) | 0.990 4.678 | 8.520 | 18.128 | 20.056
Analytic (Unit: TU) 0.985 4.681 | 8.534 | 18.172 | 20.050
Error —0.51% | 0.06% | 0.16% | 0.24% | —0.03%

(b) Elta) (X7 = X, A = Ao)

To simulate the behavior of the prepaid account, several variables are maintained in the
simulation. When a call is in—progréés, C_Flag 1s set to “True”. If the remaining credit
units x is larger than the call hol{i_ing tlmé “tc:'_; ‘p_hen F_F lag is set to “False”. The period t,4
represents the residual life of the call'and s 'il;ldic'ateg the number of messages which are
stored and are delivered when tﬁel call :ié%@md. |

The flowchart of the simulati-oﬂ issshown-in Fig. 2.5. Step 1 initializes the input
parameters (X, Xr,z, N,C,T,; and M )”of a ‘.p‘repaid account. Step 2 generates the first
CALL_ARRIVAL and MSG_ARRIVAL events, and inserts these events into the
event list. Initially, F_Flag and C_Flag are set to “False” and s is set to 0. In Steps 3 and
4, the next event e in the event list is processed based on its type.

If e.type== CALL_ARRIVAL event at Step 4, then at step 5, C_Flag is set to
“True” and C' is incremented by one. Then the call holding time ¢. for the prepaid call is
generated. The residual life ¢, is set to t.. Step 5 also generates a CALL_.COMPLETION
event el, where el.ts=e.ts+t.. Event el is inserted into the event list. At Step 6, if the
remaining CUs z is larger than t., then F_Flag is set to “False” (Step7). Otherwise,
F_Flag is set to “True” (Step 8).

If e.type== MSG_ARRIVAL at Step 4, the next MSG_ARRIVAL event is gen-
erated and inserted into the event list at Step 9. If a prepaid call is in-progress (i.e.,

C_Flag=True at Step 10), it first updates the values of the remaining CUs x and the
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residual call time t4. At Step 12, if the remaining CUs = > (X¢ + T},,), then at Step 13
the message is sent immediately and x is reduced to x — T},. The number M of message
deliveries is incremented by one. If z < (Xr 4 T,,) at Step 12, then Step 14 checks if the
remaining credits = suffices to support the message delivery when the call is completed
(ie., (x —tg — sT,,) > Tpn). If so, at Step 15 the message is stored and will be processed
when the call is completed. Both s and M are incremented by one. The accumulated
delivery delay Ty is increased by t4. If no prepaid call is in-progress (i.e., C_Flag="‘“False”)
at Step 10, the simulation proceeds to Step 16. If the remaining credits = is larger than
T,., the message is sent and x is reduced to z = x — T, (Step 17). If x < T,, at Step
16, all CUs are consumed and n is incremented by one at Step 23, and the simulation
proceeds to Step 24.

If e.type== CALL_COMPLETION at Step 4, then the simulation proceeds to
Step 18. This step first updates the remaining CUs x and sets C_Flag to “False”. At
Step 19, if the remaining CUs are not depleted (i.e., x > 0), the stored messages can
be delivered and z is updated as x — sT},,. The number s of stored messages is set to
0, the next CALL_ARRIVAL event is gehérated and inserted into the event list. If
the remaining CUs is insufficient: (1 e, < 0at Step 19) and the the call need not be
force-terminated (i.e., F_Flag= “Fa,lse at Step 20) then the number N of unnecessary
false-terminated calls is 1ncremented by OM_tep 22) and the simulation proceeds to
Step 23. If F_Flag="“True” at Step 20 “the 51mulat10n also proceeds to Step 23. At Step
23, all CUs are consumed, n is 1ncremented by one and the simulation proceeds to Step
24.

If 10,000, 000 prepaid accounts have been processed at Step 24, the simulation termi-

nates and the output measures are calculated.

2.5 Numerical Examples

This section uses the simulation experiments to investigate the performance of the PAS.
The input parameter threshold Xr and the output measure E[ty] are normalized by the
mean of the call holding time E[t.] = 1/u. For the purposes of demonstration, we assume
that the prepaid message service is charged for 7T, = 5 CUs and the expected inter-call
arrival time 1/A. = 50 TUs.

Effects of the expected call holding time E|[t.]. Fig. 2.6 plots Pypr and E[t,] against
the threshold X7 and Elt.], where X = 50E([t.] and A,, = 5\.. This figure shows
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Figure 2.6: Effects of E[t.] on Pypr and E[ty] (X = 50E]t.] and A\, = 5\.)

that Elt.] has insignificantly effects on Pypr and E[ty] when the proportion of X
and Elt.] is fixed.

In the remainder of this sectiony the expeeted inter-message arrival time 1/, and the

initial prepaid credit X are normalized by Ejt.] = AT,

Effects of the variance V, of the eallsholding time 7. Fig. 2.7 plots Pypr and Et,]
against X, and the variance ;Vc of the call-holding time ¢, with Gamma distribution,
where X = 25E][t.] and 1/\,, = 0.5E][t.]. This figure shows that both Pypr and
Elt4) increase as V. increases. This phenomenon is explained as follows: As the
variance V, of t. increases, more long and short t. periods are observed. The pre-
paid message (i.e., the random observer) is more likely to fall in the long ¢. periods
than the short ¢. periods, and larger residual call holding times t; are expected for
larger variance V.. Therefore, the performance of both Pypr and Elt,] degrade as

V. increases.

Effects of the expected inter-message arrival time 1/)\,, . Fig. 2.8 plots Pypr and
El[t4] against X7 and \,,, where X = 25E[t.]. Fig. 2.8 (a) shows that Pypr increases
as A\, increases. When J\,, increases, more message deliveries are likely to occur
during an in-progress call. Therefore the UFT probability Pypr increases. For
Xr = 2E]t.], when 1/, decreases from 50E][t.] to 5E[t.] and from 5E[t.] to 0.5E]t.],

Py pr increases by 9.13 and 9.01 times, respectively. This effect becomes insignificant
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Figure 2.7: Effects of V, on Pypr and E[ty] (X = 25F]t.] and 1/\,, = 0.5E[t.])
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Figure 2.8: Effects of 1/\,,, on Pypr and Elty] (X = 25E]t.])
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Figure 2.9: Effects of X on Pypr and Elts] (1/A\, = 0.5E][t.])

when Xrp is large (e.g., X7 > 6E[t.]). Pypr is not significantly affected by A, when
1/Am > 10E]t]. Fig. 2.8 (b) shows that Et,] is insignificantly affected by A,,. This
phenomenon can be explained as follows:r 'Sirnce the prepaid messages are random
observation points of the p‘fepaid callih(r)lding' interval, the delivery delays are not

significantly affected by the niessage arrival rate A

Effects of the initial prepaid eredit X. Fig. 29 plots Pypr and Elty| against X7 and

X, where 1/),, = 0.5E]t.]. This'figure shows that both Pypr and E [tq] decrease
as X increases. When the initial prepaid credit X increases, there are more CUs
left for a prepaid call, and it is more likely that there are enough CUs for both
the remaining call and the message (i.e., the amount of the prepaid credits left is
larger than Xr+T,, > t.+T,,). Therefore, the performance of both Py gy and E[t,]
improve as X increases. For X7 = 3E[t.], when X increases from 20E][t.] to 50E([t,],
Pypr decreases by 58.64% and E|t,] decreases by 36.71%. When X increases from
50E[t.] to 100E[t.|, Pyrr decreases by 49.96% and E|[t;] decreases by 50.87%. When
X > 150E]t.] (i.e., the initial prepaid credit can support more than 150 voice calls),

increasing X only has insignificant impacts on Pypr and Ety).

Effects of the threshold Xr. From Figs. 2.6-2.9, when X is small, increasing Xr re-

duces Pypr significantly. When Xp > 5E[t.], effects of X1 on Pypr becomes

insignificant. On the other hand, increasing X always increases E|[ty]. Therefore
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in these scenarios, it is appropriate to choose X = 5E[t.] in the PAS.

2.6 Summary

This chapter proposed a SIP-based prepaid application server to handle both the prepaid
IMS-to-PSTN calls and messaging services in UMTS. When both voice and messaging are
simultaneously offered, a strategy is required to determine if a prepaid message can be sent
out during an in-progress call without force-terminating this call. To avoid unnecessary
force-termination, a threshold amount X7 of prepaid credit is set to protect the in-progress
IMS-to-PSTN call. This paper provided guidelines to select an appropriate X;. The
output measures are the UFT (unnecessary force-termination) probability Pypr and the
expected unnecessary delay Elty]. We investigated how these two output measures are
affected by input parameters including the expected call holding time E[t.], the variance
V. of the call holding time, the message arrivals rate \,,, X7 and the initial prepaid credit

X. We make the following observations:

e When the proportion of X a{r‘l-de[tc'] i¢fixed, Pypp and E [t4] are not affected by
the change of Elt.]. 4 e,

Y W
| 3
|

e The performance of both Py atntdei[td] degrade as V, increases.

e Pypr increases as A\, increé;ées. "‘ ffhis(efféct becomes insignificant when X7 is large
(e.g., Xr > 6E[t.] in our examples). 'On the other hand, E [t4] is insignificantly
affected by \,,.

e Both Pypr and Elty] decrease as X increases.

e When X7 is small, increasing X reduces Pypr significantly. When Xrp is large
(e.g. X1 > 5E]t.] in our examples), increasing X only has insignificant impact on

Pypr. On the other hand, increasing X always increases Elty].

Based on the above discussion, the network operator can select the appropriate X1 values

for various traffic conditions based on our study.

2.7 Notation

The notation used in this chapter is listed below.

37



1/A.: the expected interval between when the previous prepaid call completes and
when the next prepaid call arrives

Am: the arrival rate of the instant messages

N.: the number of prepaid call completed

N,,: the number of prepaid message arrived

N(t): the number of prepaid messages occurring in period ¢

Pypr: the UFT (unnecessary force-termination) probability of an in-progress call
in the prepaid application server

7;: the interval between when the ¢-th prepaid call completes and when the 7 + 1-st
prepaid call starts

t.: the prepaid call holding time

tq: the extra delay between when an instant message service request arrives and
when the instant message is delivered

T,,: the charge for a prepaid instant message delivery

V.: the variance of the call holding time ¢,

X: the amount of the initial prepald credlt

X.: the credit units spend | for N c:?,lls R

Xr: the credit threshold that av01ds force termlnatlon of prepaid calls

*: the remaining credit i ia user js,;'prepa'd account
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Chapter 3

Modeling Online Credit Reservation
Procedure

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. Four
billing technologies have been used in mobile prepaid service: hot billing approach [24],
service node approach [23, 25], Intellzgent Nétiwork (IN) approach [35] and handset-based
approach [36]. By creating hybmd onhne/Omee bllhng models, 3GPP Releases 5 and
6 propose the IP-based Online C’hargmg System (OCS) [10] to allow both prepaid and
postpaid subscribers to be charged in, redl- tlme

As described in Section 1.3, onhne chargmg prov1des real-time charging information to
the billing system. This chapter 1nvest1gates etedit reservation for the OCS. We assume
that a mobile user may access n types of session-based IMS services. After an online
service user has purchased some credit units, she is allowed to enjoy multiple sessions
simultaneously. Each service type has its own traffic characteristics and communications
parameters. For example, the average call holding time for a VoIP call session is 1-3
minutes, and the average session holding time for the interactive mobile gaming sessions
may range from 10 to 30 minutes [18, 26]. Note that the service sessions can be charged
according to time (duration) or transmitted packet volumes. For a session of type 7, each
time the OCS grants 6; credit units to the session. When these credit units are consumed,
the OCS grants extra credit units to the session through the Diameter credit reservation
procedure. When the balance of the user account at the OCS is below a recharge threshold
Cinin, the OCS does not allow the user to initiate new sessions, and reminds the user to

refill the prepaid account by sending a recharge message. This chapter shows how to
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select an appropriate recharge threshold C,,;,. Note that the usage of C,,;, is different
from that of X in Chapter 2. The notation used in this chapter is listed in Section 3.8.

3.1 Recharge Threshold-based Credit Reservation
(RTCR)

The Diameter credit reservation procedure exercised between an IMS Application Server
(AS) and the OCS is described in Fig. 1.3. In the Reserve Units /Debit Units operations
(i.e., Steps 1 or 3 of this procedure), the IMS AS sends the CCR messages to the OCS
to request extra credit. In both Steps 2 and 4 of the procedure, the OCS reserves extra
credit units for the IMS AS. Specifically, the OCS needs to determine how to allocate the
credit units when the remaining credit left in the prepaid account is too small, and when
to send the recharge message. For the discussion purpose, we refer an RU operation as a
Reserve Units operation (Step 1) or a Reserve Units and Debit operation (Step 3). The
credit allocation issue can be addressed by a simple mechanism called Recharge Threshold-
based Credit Reservation (RTCR). In thismechanism, when the amount of the remaining
prepaid credit in the OCS is less_ than a, recharge threshold Chnin, the OCS reminds the
user to refill the prepaid accoutit by seridmg a recharge message. Also, the OCS will

reject new service requests, and only ellow the ex1stmg service sessions to consume the

remaining credit. We say that the RCTR executlon “ends” if all in-progress sessions are
complete or force-terminated after the) recharge ‘threshold Cnin 18 reached.

In RTCR, if C,,;, is set too small, then the amount of the remaining credit may not be
large enough to support all in-progress service sessions, and some of them will be forced
to terminate. Clearly, force-termination degrades user satisfaction. For example, when
all credit units are consumed during an interactive multimedia game, the user is forced
to terminate the game.

On the other hand, if C,,;, is set too large, the OCS will inappropriately reject new
session requests that should be accommodated and can be completed before the user’s
credit is actually depleted. The user will be frequently asked to refill the prepaid account
while she still has enough credit. Therefore, C,,;, should be appropriately selected to
balance unnecessary force-termination against frequent recharging. In the next section,
an analytic model is proposed to study the impact of parameter C,,;, on the RTCR

mechanism.
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3.2 Analytic Modeling 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. For 1 < i < n, the sessions for
type-i service can be activated from time to time. In Fig. 3.1, the current type-i service
session starts at ty and completes at ¢4, and the next type-i service session starts at
t5. Let the service session holding time be t5,; = t4 — ty and the inter-arrival time be
ta; = ts — ts. For VoIP call session services, t5; represents the call holding time. For
mobile data downloading service, ?;; represents the file transmission time. Assume that
tn; and t,; are exponentially distributed with rates u; and \;, 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 «; credit units. Without loss of generality,
let a; = 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 6; be the amount of credit that the OCS
grants in each RU operation for a type-i session. It is essential to select appropriate C;,
and 6; values to “optimize” the perfvorrma,nce.‘ of the RTCR mechanism in terms of the

following output measures:

e E[N,,]: the expected numberiof the RU-operations executed during a type-i session.
The larger the E[N, ;] valiey the[higherg;he DCIC control message overhead.

e [: the probability that an in;progress seséibh is forced to terminate (for all service

type-i). The smaller the P value, the better the user satisfaction.

e E[C,]: the expected amount of unused credit units in the user account at the end of
RTCR execution (before recharging). Note that C; = 0 if any in-progress session is
forced to terminate at the end of RTCR execution. It is apparent that the smaller

the E[Cy] value, the better the credit utilization in the user account.

3.2.1 Derivation for the Number of RU Operations

This subsection derives the expected number E[N, ;] that the RU operations are executed
in a type-i service session. Suppose that the OCS grants 6#; credit units to the AS each
time. When the granted credit units #; are depleted, the AS requests the next 6; credit
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Current type-i Current type-i service Next type-i service
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® A RU operation occurs
X A Debit Units operation occurs
Figure 3.1: Timing Diagram for the RTCR mechanism.
units from the OCS. Then
E[NTJ]:]_ + Pr[thﬂ- > QZ] + Pr[thﬂ- > 207] + Pr[thﬂ- > 307] 4+ ...
=1+ Prlty: > jbs) £y (3.1)

j=1
Eq. (3.1) says that the first RU operation (i.e., the=Reserve Units operation) is always
executed, and for j > 0, the j-th=RU jopération’(i.¢., the Reserve Units and Debits Units
operation) will be executed with probability-Pr{t,; > j6;]. Since t; is exponentially
distributed with the density function

Jnitng) = paeHitns (3.2)

From (3.2), Eq. (3.1) is derived as

EIN,;]=1+ Z/ Jri(tn,i)dtn,

j=1 7 thi=30i
— —pijli
=1+ ]Zl e = (3.3)

3.3 Exact Analytic Model for Single-type Service

This subsection derives the exact force-termination probability Py and the expected credit
E[Cy] for single-type service (i.e., n = 1). Approximate Py and E[Cy] for multiple-type

services (i.e., n > 2) will be derived in the next subsection.
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3.3.1 Derivation for the Force-termination Probability

Consider the timing diagram in Fig. 3.1 where the RU operations in the current service
session occur at tg, t; and t3, respectively. Assume that the OCS grants #; units to the
AS in every RU operation and ¢; < C,,;,. Then t3 —t; = t; — tg = 6;. Suppose that a
random observer arrives at ?p. Let ¢, = t5 — ¢y and t,; = t4 — t be the elapsed holding
time (i.e., the age) and the residual holding time of the service session, respectively. Let
t, = ty — t; denote the consumed credit (time) units in the AS with density function
fu(ty). Then 0 < ¢, < 6; and the unused credit units left in the AS is 0; — t,.

For an in-progress service session at a particular time point ¢, the exact unused credit
units for the user is C,(t) = C,(t) + (61 — t,), which is the sum of the remaining credit
units C,(t) in the OCS and the unused credit units (¢, —t,) in the AS. Note that at times
to, t1 and t3, no unused credit units are left in the AS and therefore C,(ty) = C.(to),
C.(t1) = Cy(t1) and C,(t3) = C,(t3). Define “critical” time t* as the time when C,(t*) =
Chin + 601. 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 mcomlng sesnKsii:o'“n{_requests will be rejected. The critical

RU operation may occur during & Sessidn!?e:aXeGﬁtion:'(Case [; see Fig. 3.2 (a)) or when a

new session arrives (Case II; see;F.ig. 3.2 (b)) I Flg 3.2, let 6 = 6, — (min(tr, tg) — t*).
Note that when the critical RU:v,lbper%ﬁiamTves a;t tz, Co(ty) = Ci(ty) = Chin + 0.
Furthermore, in Case II, no credit umts are COHSUfﬁéd during [ts, t7], and C,.(t7) = Cy(ts).
The 6 value will be derived later. After the OCS has granted #; units to this request, the
remaining credit left in the prepaid account becomes C,.(t:1) = Cin— (61 —5) < Crin. 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 Cy, + 6. Therefore Py is computed

as

Since the session holding time ¢;; is exponentially distributed with rate p1, and from the

residual time theorem [48], ¢, 1 has the same density function as t;;; i.e.,
fra(ten) = pe #1ie (3.5)
In (3.4), 0 is derived as follows:

Case I. In Fig. 3.2 (a), the critical RU operation is issued by an in-progress session

at t7. In this case, the previous RU operation is issued at tq = t; — 0, where
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The critical RU
operation occurs
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(a) Case I: The critical RU operation is issued from an existing session.

The critical RU

The last RU operation Theprevious operation occurs '
in the previous service session - The next service The next service
service session completes session starts  session completes
tu = 4—2’261—6 < tl’,l_>
(0<t,<0)
Time
Cmin+ 91 Cmin+ 0 Cmin +6 Cx

(b) Case II: The critical RU operation is issued from a new session.

® A RU operation occurs

X A Debit Units operation occurs

Figure 3.2: Timing Diagram for Deriving 0.
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Cytg) = Cy(ts) = Crin + 61 + 0, and tg < t* < t7. At the critical time t*, the
consumed time units ¢, must be § (with density f,()) and the residual holding
time 7 = tg — t* for the session must be longer than 6, — 0 (with probability

fToiG1—é fr1(7)d7). Therefore, the density of § for Case I is expressed as

o0

tm@:h@/ fa(r)dr (3.6)

=01—6

Case II. In Fig. 3.2 (b), the critical RU operation is issued by a new session at ;.
The last RU operation in the previous service session occurs at tg and the previous
service session completes at tg, and C(ts) = Cpin + 0. Note that t* > tg > ts — 0;.
Therefore, Copin + 61 + 0 > C, (ts) > Chin + 91 At t*, the AS consumes t, credit
units, where 0 < t,, < 6 (with probability ft (t,)dt,), and the residual holding
time 7 = tg — t* for the session is 6; — 6 (with den81ty fra(01 — 5)) Therefore, the

density of 6 for Case II is expressed as

5 0
fé,ll(e).zn_ LY, fU( )dtufr 161 — ‘9) (3.7)
Combining (3.6) and (3.7), we ha:Vé :_i ] b
ﬁ@%M@/j;ﬁﬂﬁﬁ#ﬁ AT 38)

n (3.8), fu(t,) is derived as follows: Tt t, be’ the elapsed holding time of the in-progress
session with density function f,(¢,). According to the reverse residual time theorem [48],
t, has the same distribution as the residual of ¢, ;. That is, f,(t,) = fr1(t,) = pe ™.
Since t, =t, — B—?J 01, the density function for ¢, (for 0 <t, < 6,) is

le —p1tu

ny (ta+30) = 77— (3.9)

Substituting (3.5) and (3.9) into (3.8), we have

(D) Mle_ulé > — 1T o /’Lle_ultu —u1(91—§)
f3(0)= (71 — €M191> /fzelé e dr + - = dt, e

M1€’”9~
_6H161 —1

(3.10)
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From (3.4), (3.5) and (3.10), Py is derived as

Pf// For (o) f3(0)dbr 1B
0 tr1= Conin-+0

o Htr 7/“6”16 dt,df
H1 w101 _ 1 r,1
9 tr 1= szn+9 €

ngle p“lcmzn

G (3.11)

3.3.2 Derivation for the Unused Credit Units

It is clear that E[Cy] = E[limy;_.o, C,(t)] assuming that the prepaid account is not recharged
at the end of the RTCR execution. In Fig. 3.2, the critical RU operation occurs at t;
when C,.(t7) = Cpin + 0. If Cpin + 6 > tr1, then Cy = Cpip, + 6— tr1. Otherwise, Cyq = 0.

Therefore, E[Cy] is expressed as
E[Cy)=E[max{Chin + 0 — t,.1,0}] = E[Cpin + 0 — t,1; Conin + 0 > 1] (3.12)

From (3.5) and (3.10), Eq. (3. 12) is derived &s-,

mzn+6 5 - '
ElCy] / / cmm+e—tr1>fﬂ<rl>f9( d)dt, 1dd
0 tr,

1= 0
a /1«191 '76_,“410m7,n '; 2
. 76/‘161 — ]_ , . 1

3.4 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 6; value is small. We present the derivations
of Py and E[Cy] for n = 2. The derivations for n > 2 can be directly extended and will
be briefly described at the end of this subsection.

3.4.1 Derivation for the Force-termination Probability

We first derive the force-termination probability Py 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,l .
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Case B. There is one active type-2 service session, and the residual session holding time

is tryg.

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

holding times are ¢, ; and t, 3, respectively.

When the critical RU operation occurs, let P4, Pg and Po be the probabilities of Cases

A, B and C, respectively. For a sufficiently small ¢; value, Py can be computed as
Pf = PA Pr[tm > Omm] + PB Pl"[tﬁg > Omm] + PC Pl"[tﬁl + tr72 > Omm] (314)

In (3.14) we assume that C,(t7) = Cinin, where t7 is the time that the critical RU operation
occurs. Note that Cyin < Cyp(t7) < Crin + Y, 0;. Therefore, (3.14) incurs error when 6;
is large. Substituting (3.5) into (3.14) to yield

Pf:PA/ fr,l(tr,l)dtr,l + pB/ fr,Q(tr,2>dtr,2
tr,1= Conin tr2=Chin

t
+PC/ / fr,_2- L T;,l)fr 1( rl)dtr ldt
mzn tr 1_O :

Mle —12Cmin __ ,U/2€ Nlcmin)

M1 — M2

=PyeMCmin 4 PBe “207“’1‘* +P ( (3.15)

In (3.15), the probabilities Py, PB and- Egaiderlved as follows: We first compute the
probability p; that a type-: serv1ce sessmn 1S actlve at a random observation point. In
Fig.3.1, a random observation pomt oceurs ‘at t2 in the renewal period [tg,t5]. From the
alternating renewal theory [48], p; is expressed as

Bty Y
Eltni] + Eltai] i+ M\

pi = (3.16)

At t, there is only one active type-1 service session with probability p;(1 — ps), there is
only one active type-2 service session with probability ps(1 — p1), and both type-1 and
type-2 service sessions are active with probability p;ps. 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 6; value

in a service session, from (3.16), the ratio P4 : P : Po can be computed as

Pa: P : Po=pi(1—p2):pa(l —p1):2pipa = Aifia = fide : 20 A9 (3.17)
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Since Py + Pg + Po =1 and from (3.17), we have

~ A1p2 ~ H1A2 ~ 221 X0
Py~ Atp2tp1A2+2 127 Pp ~ Ap2+p1A2+2 1 A2 7 PC ™ NMpotpade+2X1 2 (318)

Substitute (3.18) into (3.15) to yield

7#207717171 . 7,Ullcmin

M1 — M2

1
% 3.19
()\1/12 + ,Ltl/\g + 2)\1)\2) ( )

For n > 2, Eq. (3.14) can be extended by including all active session combinations (there
are 2" — 1 combinations). Then P; can be computed following the same derivations for

(3.15)-(3.19).

3.4.2 Derivation for the Unused Credit Units

For n = 2, E[Cy] is derived as follows: For sufficiently small 6; values, C,(t*) ~ Ciin.
Therefore, the Cy values are maX{Cmm — 7‘17 O} max{Cin — tr2,0} and max{C,;, —

tr1 —tr2,0} in Cases A, B and C respectlvely We have

E[C’d]:PAE[maX{C’m‘m =te, 0}] + PBE[maX{C'mm —t.2,0}]
+PCE[maX{C;{gn.-in f 7 }-—tr%ro}]
=PAE[Crin — tr,;'ri Cfmm > t,q] £ PpE[Crin — tr2; Conin > 9]
+PoE[Conin — ot — tr2; Conin > oy + t02] (3.20)

Substitute (3.5) and (3.18) into (3.20) to yield

Cmin

Cmin
E[Cd]:PA/ (Omm - tr,l)fr,l(tr,l)dtr,l + PB/ (Omm - tr,?)fr,?(tr,2)dtr,2
t

r,1=0 tr,2=0
Cmin t
+PC/ (Cmm - t) / fr,2(t - tr,l)fr,l(tr,l)dtr,ldt
t tr1=0

mln +
(/\1M2 + piAe + 2/\1/\2) { 1 2

2/\1/\2 [u (1 — e7H2Cmin) — 52(1 — efulcmm)}
M1M2(M1 - ,u2)

(3.21)

For n > 2, E[C,] can be computed through the same derivations for (3.20)-(3.21) by

considering 2™ — 1 active session combinations.
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Table 3.1: Comparison of the Analytic and Simulation Results (n = 1)

Chnin (Unit: ¢) 1 2 3 4 5
Simulation 21.4081% | 7.8867% | 2.9089% | 1.0616% | 0.3926%
Analytic 21.4097% | 7.8762% | 2.8975% | 1.0659% | 0.3921%
Error 0.01% —0.13% | —0.39% 0.41% —-0.11%

(a) P (01 =1/m)

Conin (Unit: ¢) 1 2 3 4 5
Simulation 0.8004 | 1.6481 | 2.5971 | 3.5880 | 4.5820
Analytic 0.7961 | 1.6607 | 2.6110 | 3.5926 | 4.5859
Error —0.55% | 0.76% | 0.53% | 0.13% | 0.08%

(b) E[Cy] (unit: ¢) (61 = 1/m1)

3.5 Simulation Validation

The analytic model developed in this section, is validated against the simulation exper-
iments. The discrepancies between analytlc analy81s (specifically, Egs. (3.11), (3.13),
(3.19) and (3.21)) and snnulatlon are Wlthm 2% in Tables 3.1 and 3.2. The simulation
model follows the discrete even approach descrlbed, in Chapter 2, and the details are
omitted. The input parameter 0 i is normalized by.the mean 1/u; of the service session
holding time. The input paramet-ef:C’mm aqd etiti)ut measure E[Cy| are normalized by
the expected credit units ¢ consumed in a ses.sion7 where ¢ is derived as follows:
Consider n = 2 and let ny and ny be the numbers of session completions for type-1 and
type-2 services in an observation period, respectively. In (3.16), p; represents the fraction
of time that the type-i service is active in an observed period, and the expected service

session holding time for a type-i service is 1/pu;, the ratio n; : ny can be computed as

A1 Aaflo
: = : = : 3.22
N1 iNg = P11 P22 i+ M et ( )
From (3.22), ¢ can be computed as
:m/m + na /2
ny + No
A1 (2 + A2) + Aa(pr + A1) (3.23)

TN (2 + Aa) + Aoz + A
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Table 3.2: Comparison of the Analytic and Simulation Results (n = 2)

Crnin (Unit: ¢) 1 2 3 4 5
Simulation 57.3683% | 31.1314% | 16.3689% | 8.5267% | 4.4320%
Analytic 57.5872% | 31.2126% | 16.4590% | 8.5647% | 4.4274%
Error 0.38% 0.26% 0.55% 0.44% -0.10%

(a) Pf (01 = 001//1/“ )\1 = U1 and M2 = )\2 = 2/1/1)

Chnin (Unit: ¢) 1 2 3 4 5
Simulation 0.2281 0.7970 1.5672 2.4478 3.3837
Analytic 0.2257 0.7937 1.5628 2.4419 3.3792
Error —1.06% | —0.41% | —0.28% | —0.24% | —0.13%

(b) E[C4) (unit: ¢) (6; = 0.01/p;, Ay = pq and po = Ao = 24u1)

3.6 Numerical Examples

This section uses numerical examples tQ 1nvest1gate the performance of the RTCR mech-
anism. For the examples in Flgs & A and 3.5, M= 2, A\ = p; and Ay = po = 2p9. In
Fig. 3.6, 1 <n <4 and \; = ;= i Slml'lar results are observed for other parameter

values and are not presented. The effects of the mput parameters are described below.

Effects of ; on E[N,,]. Fig. 33 plefe the ekpeeted number E[N, ;] of RU operations
executed in a type- service seseien against‘t.he granted credit 6;. Note that E[N, ;] is
not affected by Cy.i,, and n. This figure shows a trivial result that E[N, ;] decreases
as 0; increases. A non-trivial observation is that when 6; > 2.5/u;, E[N, ;] ~ 1.
It implies that selecting 6; value larger than 2.5/p; will not improve the E[N, ;]

performance.

Effects of C,,;,. Fig. 3.4 plots the force-termination probability Py and the expected
credit E[Cy] against 6; and C,;p,, where n = 2, Ay = pq and Ay = pg = 2. Fig. 3.4
(a) shows that Py decreases as C,,;, increases. When the critical RU operation
occurs, more unused credit units are available in the prepaid account when C,;,
increases. Therefore, the possibility of force-termination reduces. For 6; = 1/u;,
when C,,;,, increases from 2c to 4c, Py decreases from 18.78% to 4.99%. Fig. 3.4 (b)
shows that E[Cy] increases as Cy,;, increases. It is apparent that when the critical

RU operation occurs, the exact unused credit units C,(t*) for the user increases as
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Figure 3.3: Effects of §; on E[N,,].

Cinin increases. That is, the amOﬁﬁt of.r éb’nsumed credit reduces, and the expected
credit E[Cy] increases. Forifl; = 1/,u,, 'Wheni 'C'min Increases from 2c¢ to 4e, E[Cy]
increases from 1.60c to 3.41c. In thi“'sfséénario;? we expect that 3.41 — 1.60 = 1.81

more sessions are completewhen Copin-—2c than when C,,;, = 4c.

Effects of 6;. Fig. 3.4 (a) shows t'hat”Pf i‘s_‘a‘r décreasing function of #;. When 6; in-
creases, more credit units are granted to the AS. Therefore, the possibility of force-
termination reduces. For C,;,, = 6¢, when 6; increases from 1/, to 2.5/pu;, Py
decreases from 1.32% to 0.37%. This effect becomes insignificant when 6; is large
(e.g., 0; > 5/p;). Fig. 3.4 (b) shows that E[Cy] is an increasing function of 6;. For
Cinin = 6¢, when 0; increases from 1/p; to 2.5/u;, the E[Cy] increases from 5.37¢ to
7.64c. Fig. 3.4 (b) also quantitatively indicates how the #; and C,,;, values affect
E[C4]. When 0; < 1/p;, E[Cy] = Cpyin. On the other hand, E[Cy] >> Cpin as 6;
increases. For example, when C,,;, = 6¢ and 6; = 10/ u;, E[Cy] = 23.63¢ >> 6¢.

Effects of V},;. Fig. 3.5 plots P; and E[Cy] against C,,;, and the variance V}; of the
Gamma service session holding time ¢; ;, where n = 2, 6; = 2.5p;, \y = p; and Ay =
pe = 2py. Fig. 3.5 (a) shows that Py increases as V},; increases. This phenomenon is

explained as follows: As V}, ; increases, more long and short ¢;, ; periods are observed.
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Figure 3.4: Effects of 0; and C,;, (n =2, A\ = py and Ay = po = 2p)

The recharge message is more likely to be sent in the long ¢;; periods than the
short ¢, ; periods, and larger residudal séryice session holding time ¢, ; are expected.
Therefore, Py increases as Vj; increases of ig.'3.5 (b) shows that E[Cy] decreases as
Vhi increases. As Vj, ; increases; the reéhafge message is likely to be sent in the long
tn; periods. Then the p0831b111ty that tM 2 Cmm (i.e., Cy = 0) increases. Therefore

E[Cy] decreases as Vj,; incréages.

Effects of n. Fig. 3.6 plots Py and E[C,] against #; and the number n of the service
session types. Fig. 3.6 (a) shows that Py is an increasing function of n. As n
increases, the number of in-progress service sessions increases when the recharge
message is sent, and therefore P; increases. In Fig. 3.6 (b), when 6; is small (e.g.
0; < 1/p;), E[Cy4) decreases as n increases. On the other hand, when 6; is large (e.g.
0; > 2.5/1;), E[Cy] increases as n increases. When the recharge message is sent, the
number of simultaneous in-progress service sessions increases as n increases. There
are two conflicting effects as n increases. First, more credit units will be consumed
by these sessions and E[Cy] decreases. Second, the “net” unused credit units which
have granted to the AS increases, and E[Cy] increases. When 0; is small, the first
effect will dominate. On the other hand, the second effect will dominate when 6; is

large.
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3.7 Summary

This chapter studied the Recharge Threshold-based Credit Reservation (RTCR) mecha-
nism 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 prob-
ability that the in-progress service sessions are forced-terminated. An analytic model is
developed to compute the expected number E[N, ;] of the RU operations executed in a
type-i service session, the force-termination probability Py and the expected credit E[Cy]

left in the user account. We make the following observations:

e E[N, ;] decreases as the granted credit 6; increases. When 6, > 2.5/p;, increasing 6;

will not improve the E[N, ;] performance.

e Pr decreases as the recharge threshold C,;, or ¢; increases. This effect becomes

insignificant when 6, is large (e.g., 6; > 5/u;). E[Cy] increases as Cyp;,, 01 0; increases.

e Py increases as the variance V3% of the senvice session holding time increases, and

E|[Cy] decreases as V},; incrgases.—¢ - ||

] B
L i
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e Py increases as the numbesp of the sérvice session types increases. When 0; is small

(e.g. 0; < 1/u;), E[Cy] decreases as increases. On the other hand, when 6; is large

(e.g. 0; >2.5/u;), E[C4] increéséQ as nripérééses.

Based on the above discussion, a mobile operator can select the appropriate C,,;, and 6;

values for various traffic conditions.

3.8 Notation

The notation used in this chapter is listed below.

e (. the amount of the initial prepaid credit for a mobile user

Chnin: the recharge threshold in RTCR

C,: the amount of the remaining prepaid credit in the OCS

C,(t): the remaining credit units in the OCS for the user at a particular time point

t

C,(t): the exact unused credit units for the user at a particular time point ¢
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E[Cy]: the expected amount of unused credit units in the user account at the end
of RTCR execution (before recharging)

E[N,;]: the expected number of the RU operations executed during a type-i session
A;: the rate of t,;; i.e., \; = 1/E[t,]

i the rate of t;; i.e., p; = 1/E[ty, ]

n: the number of types of session-based IMS services

P,4: the probability that the critical RU operation occurs when there is one active
type-1 service session

Pg: the probability that the critical RU operation occurs when there is one active
type-2 service session

Peo: the probability that the critical RU operation occurs when both type-1 and
type-2 service sessions are active

Py: the probability that an in-progress session is forced to terminate (for all service
type-i)

p;: the probability that a type-i service session is active at a random observation
point W WL gy,

t*: the critical time when C’w(t*) = Chin +01

0;: the amount of credit unitsithat tlhe éCS :gl.;ai:lts in each RU operation for a type-:

session - P

6 + Cin: the remaining crgdi,tn umts leftwhan the critical RU operation arrives
tqi: the inter-arrival time of tﬁé type—ifsefv-ice session

tn: the holding time of the type-i service session

t.;: the residual holding time of the type-i service session

t,: the consumed credit units in the AS when a random observer arrives

ty: the elapsed holding time of the service session when a random observer arrives
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Chapter 4

Reducing Credit Re-authorization
Cost

The GPRS transport network consists of GPRS Support Nodes (GSNs) such as Serving
GSNs (SGSNs) and Gateway GSNs (GGSNs). To start an online GPRS session, the
GGSN sends a credit control request to the OCS. The OCS determines the rating and
allocates the granted credit units (based on the charge for time units or data volume
units) to the GGSN. During a GPRS!Sessionya number of mid-session events, such as
Quality of Service (QoS) change of GPRS sessron or change of SGSN, could dynamically
affect the rating of the in-progress service. Therefore -the GGSN needs to re-authorize the

granted credit units when such events oceur. Tt the Change of QoS occurs frequently, the

signaling load incurred by the re—authorlzatron procedure increases heavily. This chapter
proposes a cost reduction method for CroMe TeiAut horization procedure in the OCS. Then
we conduct both simulations and analytic models to investigate the performance of the

proposed scheme.

4.1 Online Charging System for GPRS Sessions

As described in Section 1.3, the Session Based Charging Function (SBCF; see Fig. 1.2
(a) and Fig. 4.1 (a)) in the OCS is responsible for online charging of network bearer and
user sessions [10]. The SBCF interacts with the Account Balance Management Function
(ABMF; see Fig. 1.2 (¢) and Fig. 4.1 (b)) to query and update the user’s account through
the Rc interface. The ABMEF keeps the subscriber’s account data and manages the ac-
count balance. At the time of writing this dissertation, the message exchanges in the Re

interface are not defined. In this chapter, we use ABMF Request and ABMF Response to
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represent the message exchanges between the SBCF and the ABMF. The SBCF interacts
with the Rating Function (RF; see Fig. 1.2 (e) and Fig. 4.1 (c¢)) to determine the price
and tariff of the requested service through the Re interface. By using Diameter Tariff
Request/Response and Price Request/Response messages described in Section 1.3, the
RF handles a wide variety of rateable instances, such as data volume and session con-
nection time. In online GPRS sessions, the Diameter credit control protocol is used for
communications between the GGSN and the OCS. The OCS credit control is achieved
by exchanging the Diameter Credit Control Request (CCR) and the Credit Control Answer
(CCA) messages described in Section 1.4.

In a telecom network, the ABMF and the SBCF may physically reside at different
(and possibly remote) locations. Therefore, the message exchanges in the Re interface

may be expensive, and it is desirable to reduce the credit re-authorization message cost.

4.1.1 Credit Re-authorization Procedure

Consider a scenario where a mobile user is viewing a streaming video through the GPRS
network [17]. The streaming servicres";afé éhe'if"sgéd_according to the amount of time units
and the related QoS provisioned (f 4 ,[the rbﬁand‘wid‘-cth' allocated to the bearer session). Due
to user mobility between different UMTS coverage ares and depending on the work load
of the radio network, the QoS of the Stl:eammg sessmn may change from time to time.
In terms of bandwidth allocated We assume that there are N QoS classes for the GPRS
bearer session. For 1 <7 < N, let o ‘be the mumber of credit units charged for every time
unit in a class ¢ session, and the OCS granted o7, credit units (which can last for 7, time
units) to the GGSN in each credit reservation. Note that the bandwidth allocated to a
class 7 session is typically proportioned to the charge (i.e., ;). Whenever the QoS of the
GPRS bearer changes, the credit re-authorization procedure illustrated in Fig. 4.1 must

be executed with the following steps:

Step 1. To start the streaming session with online charging, the GGSN sends the INI-
TTAL_REQUEST CCR message to the OCS. This message indicates the QoS param-

eter (e.g., QoS class i) for the session.

Step 2. When the OCS receives the credit control request, the SBCF sends the Tariff
Request message, including the QoS parameter in the Service-Information field,
to the Rating Function. The Rating Function replies with the Tariff Response

message to indicate the applicable tariff a; for this session [10].
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Figure 4.1: Message Flow for Credit Re-authorization Procedure.
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Step 3. Based on the received tariff information, the SBCF grants o;7, credit units to
the session (which can last for 7, time units). By exchanging the ABMF Request and
Response message pair with the ABMF, the SBCF reserves «;7, credit units in the

subscriber’s account.

Step 4. After the reservation is performed, the OCS acknowledges the GGSN with the
CCA message including the granted credit units («;7,) and the trigger event type
(i.e., “CHANGE _IN_QOS”). This message indicates that the GGSN should trigger
credit re-authorization procedure when the QoS change occurs. The GGSN then

starts to deliver the service.

Step 5. When the serving QoS of the session is changed from class i to class j (be-
cause, e.g., the mobile user moves to another base station with different bandwidth
capacity), the credit re-authorization procedure should be executed. The GGSN
suspends service delivery and sends a UPDATE_REQUEST CCR message to the
OCS. This CCR message includes the Reporting-Reason field with value “RAT-
ING_CONDITION_CHANGE”, aid-the Trigger- Type value is “CHANGE_IN_QOS”.
The GGSN also reports th!ati ‘C.Ki(Tg = Tu)credlt units have been consumed and re-

quests new credit units based on the_;_QO'S'p:arrai:neter (i.e., QoS class j).

Step 6. Upon receipt of the CGRimessage from the GGSN, the SBCF calculates the
remaining credit units for the beger sessionand revaluates the rating by exchanging
Tariff Request and Response messages. The Tariff Response message includes

the new tariff o; for the session.

Step 7. Based on the old tariff o; and new tariff a; for the bearer session, the SBCF then

debits (7, — 7,) credit units to the ABMF and requests extra a;7, credit units.

Step 8. The OCS acknowledges the GGSN with the CCA message to indicate that o 7,
credit units have been reserved (which also lasts for 7, time units). The GGSN
resumes the service delivery. Note that Steps 5-8 may be repeated whenever the

QoS is changed or when the allocated credit units are depleted.

Steps 9-11. When the video streaming service is complete, the GGSN terminates the
session. The GGSN reports the used credit units to the OCS by sending the TER-
MINATE_REQUEST CCR message. The SBCF calculates the consumed credit units
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and instructs the ABMF to debit the user account. Finally, the OCS acknowledges
the GGSN with a CCA message.

For the discussion purpose, the above re-authorization procedure (i.e., Steps 6 and 7) in
the OCS is referred to as the “basic” scheme. If the QoS of the session changes frequently,
the signaling traffic incurred by the re-authorization procedure becomes significant. In
this chapter, we propose a “threshold-based” scheme that utilizes a threshold parameter

0 to reduce the signaling cost between the SBCF and the ABMF.

4.1.2 Threshold-based Scheme for Credit Re-authorization

In the basic scheme, the ABMF message exchanges (see Step 7 in Fig. 4.1) can be omitted
if the remaining credit units are large enough to accommodate the new reservation. Based
on this observation, we propose a threshold-based scheme to reduce the signaling cost. In
this scheme, the SBCF determines whether to interact with the ABMF or not based on a
threshold parameter . Under the QoS class for an in-progress GPRS session is changed
from class ¢ to class j, the ABMF message exchange is skipped if the remaining credit

units «;7, is larger that do;7,. Det.aﬂs on_the nt“hf.e.shold—based scheme are described as

follows: = ' <F| ;:._' W

Step 1. As described in Step 6-"(_)"f Fig[. 4~1,—t—h&SBCF retrieves the old tariff o;; and new

tarift «; for the bearer sessidn:_frc;m the Rating Function.

Step 2a. If a;7, > da;7,, the SBCF directly allocates a;7, credit units to the GGSN.
The ABMF message exchange (i.e., Step 7 in Fig. 4.1) is skipped.

Step 2b. Otherwise (i.e., a;7, < da;7,), the SBCF allocates a;7, credit units to the
GGSN. Then Step 7 in Fig. 4.1 is executed. That is, the SBCF debits a;(7, — 7,)

credit units to the ABMF and makes new reservation for a;7, credit units.

In the OCS, a mobile operator (or a user) can check the account balance anytime.
When there is no in-progress session, the OCS can accurately report the account balance
of the user. On the other hand, when some credit units are reserved, the account balance
reported by the OCS may not be up-to-date because some reserved credit units might
already be used. When a “balance check” occurs, the OCS reports the account balance
including the reserved credit units. Note that this reported value may be larger than the

actual balance. Denote C' as the inaccuracy of credit information, which is the difference
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between the balance stored in the OCS (including the reserved credit units) and the actual
balance (excluding the credit units already consumed by the GGSN). In other words, C'
is the credit units consumed by the GGSN between when the previous ABMF message
exchange occurs and when the balance check occurs. In the threshold-based scheme, the
inaccuracy of credit information C' may increase because it skips some ABMF message
exchanges. Therefore, it is important to select appropriate 7, and d values to optimize the

performance of the threshold-based scheme in terms of the following output measures:

e M: the expected number of ABMF message exchanges for a GPRS session. The
larger the M value, the higher the ABMF message overhead.

e (" the expected inaccuracy of credit information when a balance check occurs during
an in-progress session. It is apparent that the smaller the C' value, the more accurate

the account balance reported by the OCS.

In this chapter, the above output measures are subscripted with “B” and “T” (i.e.,
Mp/Cp, and M7/Cr) to represent the basic scheme and the threshold-based scheme,

respectively.

4.2 Analytic Modeling for the Basic Scheme

analytic model for the basic sche}hq aricl tjhrén ’ti}-ires_hold—based scheme. Assume that there

are N QoS classes. We make the foﬂdwing assuiﬁptions:
e A GPRS session starts with QoS class i (1 <1 < N) with probability 1/N.

e When a QoS change occurs, an in-progress session either terminates (with proba-

1—po

bility pg) or switches to another QoS class with probability 7.

e For 1 <17 < N, let «; be the amount of credit units charged for each time unit
in a QoS class i session. For each credit reservation (through the ABMF message
exchange), the SBCF reserves «a;7, credit units in the ABMF, and then grants these
credit units (which lasts for 7, time units) to the GGSN, where 7, is an exponential
random variable with mean 1/u. Fixed 7, will be considered in the simulation

experiments later.

e Suppose that the QoS changes partition the streaming session into several subses-

sions, where z,, is the holding time of the n-th subsession. We assume that x,, is
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Figure 4.2: Timing Diagram for the Basic Scheme.

independent and identically distributed (i.i.d.) exponential random variable with

mean E[z,| = 1/\.

In Fig. 4.2, a mobile user starts a GPRS streaming session at ¢; and terminates at
tn.+1, where n. QoS changes occur during the streaming session (including the last QoS
change that terminates the session). [Fhese’QoS changes partition the streaming session
into n. subsessions. In Fig. 4.2, ’phe n-th subsessiénr starts at t,,, where 1 < n <mn.. The
holding time of the n-th subsession jis &; = t7;+'1 2 tﬁ. ‘We assume that z,, (1 <n < n,) are
independent and identically distributed (id.d.). exponential random variables with mean

Elz,] = 1/,

4.2.1 Derivation for the Number of ABMF message Exchanges

After a subsession is complete, the GPRS session terminates with probability py. There-

fore the number n. of the subsessions within a GPRS session has a geometric distribution,

where
S ne—1 1
E[nc] = Z nc(l - pO) ¢ Po = p_o (41)
ne=1

Let mp be the number of ABMF message exchanges in a subsession for the basic scheme.
E[mg] is derived as follows: In Fig. 4.2; the n-th subsession starts at ¢, with QoS class
i. The ABMF message exchange is always executed and the GGSN is granted a;7, credit
units by the OCS. When these o;7, credit units are depleted at t,, +7,, the GGSN requests
next a;7, credit units from the OCS. The credit control requests issued within a subsession

(excluding the request at the beginning of the subsession) can be modeled as a Poisson
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stream with arrival rate . Applying Little’s formula [34, 38], the expected number E[mp]

for a subsession can be derived as
Elmp) =1+ pEz,] = 1 + % (4.2)

From (4.1) and (4.2),

A
PoA

Mg = En]E[mg] = (4.3)

4.2.2 Derivation for the Inaccuracy of Credit Information

This subsection derives the expected inaccuracy of credit information F[Cs] when a bal-
ance check occurs in the basic scheme. In the long term behavior, the probabilities that a
subsession starts with class i (for 1 < i < N) are equally likely. Therefore, the expected

credit units o consumed in one time unit can be computed as

1\

_ (N) Z o (4.4)

i=1

In Fig. 4.2, assume that a balance check occurs at {5 and the previous ABMF message
exchange occurs at tg — 74. Note th’éf if no ABI\'/I"F message exchange occurs in (t,11,t5),
then 7y =tp — t,11. El1y] is derlved as fdllows In the basic scheme, the ABMF message
exchange occurs either when a QOS change occurs (Whlch is a Poisson stream with rate
A) or when the granted credit umts are depleted: (which is a Poisson stream with rate
). Based on the superposition property of the ‘P01sson process [40], the ABMF message
stream is a Poisson process with rate u + )\ ‘Assume that a balance check is a random
observation point between two ABMF message exchanges. From the reverse residual life

theorem [48], the expected value of 7, is

Bl = —5 (4.5

From (4.4) and (4.5), E[Cp] is expressed as

E[Cg| = aE[ry] = [ NG } <Z ozz> (4.6)

4.3 Analytic Modeling for the Threshold-based
Scheme

To analytically model the threshold-based scheme, we assume that 6 = 0 and py — 0 such

that the stationary behavior for the ABMF message exchanges during a subsession can be
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observed. For py — 0, it is clear that the output measure M; — oo. Therefore, we shall
derive the expected number my of the ABMF message exchanges for a subsession. This
new measure will be used to partially validate our simulation model. Then we will use
the simulation experiments to investigate My in Section 4.5. To simplify our discussion,
the number of QoS classes is restricted to N = 2. These two QoS classes represent the
low and the high bandwidth classes, respectively. The analytic model can be directly
extended for N > 2.

4.3.1 Derivation for the Number of ABMF message Exchanges

The number m¢ of the ABMF message exchanges in a subsession is determined by two
factors: (i) the QoS class of the subsession and (ii) the remaining credits left at the
end of the previous subsession. Consider the timing diagram in Fig. 4.3, where the n-th
subsession starts at t,. Let J, be the QoS class of the n-th subsession. Since N = 2, a
GPRS bearer session consists of subsessions with QoS class 1 and class 2 alternatively.
Suppose that during subsession n, the granted credit units are depleted, and an ABMF
message exchange occurs at ¢,,11 — T (note t}.iéﬁ"if tn <tpy1— 7, aS illustrated in Fig. 4.3,
the QoS class is not changed). At '-tn.+1, tuhe ?’L—f—l—St subsession starts and the QoS class
is changed from J, to J,.,. In R@dsyJier and Jo1 = 2. At f,, the SBCF
retrieves the new tariff (i.e. 042) from tile_R,a,t,lng Function. Following the threshold-
based scheme for § = 0, the SBCF dlrectly ass1gns the remaining credit units to the
new subsession without interacting Wlth the' ABMF. Suppose that the remaining credit
units are not depleted in subsession n+ 1. Therefore, no ABMF message exchange occurs
during [t,1,tneo]. At t,12, the n 4+ 2-nd subsession starts and the QoS is changed to
Jnio = 1. For every J,, we define a corresponding random variable [,, that represents the
QoS class of the subsession immediately before the last ABMF message exchange occurs.
In Fig. 4.3, 1,41 = I,42 = 1. When subsession n starts, the amount of credit units left is
affected by I,,. Define Z,, = (1,,,J,) as a two dimensional random variable. In Fig. 4.3,
Zni1 = (1,2) and Z, 19 = (1,1) for subsessions n + 1 and n + 2, respectively. It is clear
that the process {Z,,n > 1} is a Markov chain.

Let 7(; jy = lim, . Pr[Z, = (4, j)] be the stationary distribution of the Markov chain,
where i, 7 € {1,2}. Since the subsession holding time x,, is exponentially distributed, the
QoS change occurrences form a Poisson stream. From Poisson Arrival See Time Average

(PASTA) [34], m(;; also represents the proportion of time that the subsession resides
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Figure 4.3: Timing Diagram for the Threshold-based Scheme.

in state (¢,7). Let m( ;) be the expected number of ABMF message exchanges for a

subsession in state (7,7). Then my can be computed as

mr.= 3 Z Vm(rz}j)ﬂ'(i?j) (47)
i je Rk N,
To derive (; j), we first discuss the state tramsitions for the Markov chain {Z,,,n > 1}.

There are four situations.

Situation I: Z,, = (1,2). If no ABME message.exchange occurs in this subsession, then
Inyi =1, =1and 7,1 = (1,1). Assume that the process moves from state (1, 2)
to state (1, 1) with transition probability p,. If any ABMF message exchange occurs
in subsession n with QoS class 2, then [,,;; changes to 2. The Markov chain moves

from state (1,2) to state (2,1) with probability 1 — p,.

Situation II: 7, = (2,1). If no ABMF message exchange occurs in this subsession, then
Iy =1, =2and Z,.; = (2,2). Assume that the process moves from state (2, 1)
to state (2,2) with transition probability p,. If any ABMF message exchange occurs
in subsession n with QoS class 1, then I,,; changes to 1. The Markov chain moves

from state (2,1) to state (1,2) with probability 1 — p.

Situation III: 7, = (1,1). During this subsession, whether an ABMF message exchange
occurs or not, I,,y1 = I,, = 1. Therefore, the Markov chain moves from state (1, 1)

to state (1,2) with probability 1.
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Figure 4.4: Probability Transition Diagram (N = 2).

Situation IV: Z, = (2,2). Similar to Situation III, I,,1 = I, = 2. The Markov chain
moves from state (2,2) to state (2,1) with probability 1.

From the probability transition diagram in Fig. 4.4, the limiting probabilities are derived

as

1 .
71—(1,1) = Da [1 + Pa + WJ eTTTe 17T(271) = |:1 +pb -+ %ﬁjm] (4 8)
N g T . ) B _1 .
T(1,2) = |:1 + Do + %} o 7'('(272): Db [1 + pp + %]

In (4.8), the transition probabilities pq and 'j)é, afe derived as follows: Let «;7, be the

credit units left at the end of the preyiots Sg_bsessionj. As illustrated in Fig. 4.3, suppose

that the current subsession is in-ﬂs'tatér'r(z', j) and Q.é;j'T(Z-’j) credit units are assigned to this
subsession, where h "

Tlij) = QiTu/ (4.9)
The subsession holding time z,, = t,,11 — t,, has the density function

fo(@n) = Xe ™ (4.10)

and z,, = 7(; ;) + 7. From (4.9), p, and p, can be expressed as

Pa = Pr{1(1,2) > ] = Prlon7,/ae > x,] and py, = Pr{r01) > x,,] = Pr{oar, /a1 > ;)
(4.11)

Since 7, is exponentially distributed with rate p, and from the memoryless property [48],

T, 18 also exponential distributed with the density function

fu(T) = pe™ ™ (4.12)
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Let & = ay/ay, then 749 = 7,/& and 721y = &7,. From (4.10)-(4.12), the transition
probability p, from state (1,2) to state (1,1) is derived as

o0 o0 A
po=Pr[r, /& > x,] = o fo(zn) /Tu:dmn fulrw)drydx, = N (4.13)
Similarly, the transition probability p, from state (2,1) to state (2,2) can be derived as
a\
— Pr[ar, > 2,] = - 4.14
Db r[ar, > x,] At (4.14)

Substituting (4.13) and (4.14) into (4.8), the limiting probabilities for {Z,,,n > 0} is

re-written as

_ A _ _ &(éxtp)
T = pFaprazy o @y = 2(>\+olu+g¢2>\)

B o B N (4.15)
T(12) = 30raptazy) 0 (22 T 3(rapta2n)

my;, ;) in (4.7) is derived as follows: For i = j, where 7; ;) = 7, is exponentially distributed
with rate pr. When ;7 ;) credit units are depleted, an ABMF message exchange occurs
and the SBCF grants another o;7, credit units to the subsession. Therefore, the ABMF
message arrivals during a subsession period z, are a Poisson stream with rate u. By

Little’s formula [34], m; ) is expressed P T

(4.16)

>'/|’:

Wi uE{xn] f--

m2,1y is derived as follows: Cons1der Sltuatlon IT (1. e L 7, =(2,1)). As shown in Fig. 4.3,
assume that the credit units 0417'(2 1 are dep‘l‘eteﬁ at tlme tns1— 7 and an ABMF message
exchange occurs. From the memoryless property 148] 7, is also exponential distributed
with mean E[r,] = 1/\. In period 7., the ABMF message arrivals are a Poisson stream
with rate p. From the Little’s formula, the expected number of ABMF message exchanges
is 1 4+ pE[r,]. Since the probabilities that no ABMF message exchange in subsession n
(i.e., Zny1 = (2,2)) or at least one ABMF message exchange occurs during subsession
n (i.e., Znp1 = (1,2)) are denoted as p, and 1 — pj, respectively. Therefore, m ;) is

expressed as

f f
= 1—p)(1+ pEln)) = ( - (1+5) 41
= x 0+ (1= (Bl = () (14 (417
Similarly,
_ _ [ an 0
m2=pa X 0+ (1 = pa)(1 + pE[r]) (A n @u) (1 + A) (4.18)
Substituting (4.15)-(4.18) into (4.7) to yield
20\ + p(N + 2ap + &2 \)
= 4.19
mr INN+ jr+ G2N) (4.19)
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Figure 4.5: Timing Diagram for Deriving Cr.

4.3.2 Derivation for the Inaccuracy of Credit Information

This subsection derives the inaccuracy of credit information C'r in the threshold-based
scheme. In Fig. 4.5, an ABMF message exchange occurs at t] in subsession n. Suppose
that the granted credit units are consumed at t§1n subsession n+n,. Note that if n, = 0,
two consecutive ABMF message: 'eXChangesyoccur 1n subsession n. In [t},t5], a balance
check occurs at {5 in subsession=n +&, Wheré VO < k< n,. Let K be the QoS class of the
session at ¢], and let C'r; be the € Val‘ue"u,Td{Tr the condition that K = ¢. By considering

whether K = 1 or K = 2, we can éxpress Cr consumed in [t1, 5] as

i=1
In Fig. 4.5, if the previous ABMF message exchange occurs at t] € [t,, tg], then K = J,,.
When k£ > 0, J, = I, and we can rewrite K = [,,,;. Therefore, Pr[K = i| can be

derived in the following four situations.

Situation V: Z, ., = (1,1). In this case, whether an ABMF message exchange occurs

in subsession n 4 k or not, we have K = 1.

Situation VI: Z, ., = (2,1). Since the balance check is a random observer of subsession
n + k, and from the reverse residual life theorem [48], t5 — ¢, 1) is also exponential
distributed with rate A\. Therefore, the probability that no ABMF message occurring
in period [tk tg] (i.e., K = 2) is p. On the other hand, if any ABMF message
occurs in period [t,1, 5], we have K =1 (with probability 1 — py).
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Situation VII: Z, ., = (1,2). Similar to Situation VI, we have K = 1 and K = 2 with
probability p, and 1 — p,, respectively.

Situation VIII: Z, ., = (2,2). Similar to Situation V, we have K = 2 with probability
1.

Let 7(; ) be the probability that when a random observer arrives (i.e., the balance check
occurs) at tg, and the n+ k-th subsession is in state (i, 7). Based on the above discussion,
and from (4.13)-(4.15), we have

(4.21)

262 M +ap

PrK = 1] = w1 + pama) + (1 = Po)T01) = sooamisry
PI‘[K 2] 7T(2 2) + pbﬂ'(g 1) + (1 — pa)ﬂ'(l 2) = m

In (4.20), Cr,; is derived as follows: As illustrated in Fig. 4.5, 7, = ¢,,41 — t}. From the

memoryless property [48], 7, has the density function
fr(Tr) - /\G_M—T (422)

In Fig. 4.5, the remaining granted Credlt umts at t7 lasts for 7, time units. Similarly,
the remaining granted credit unlts at tnﬂ_ 1 (2 < l < ng + 1) can last for 7,,; time units.

That is - | Y ~_.|
; { tr—rL -
a,l — t2 ¥

thrl 172<l<na+1
Let " ‘

S min(7,, 7,.1) =1
e min(anrlfl:Ta,l)a 2 < [ < Ng + 1

In Fig. 4.5, 741 = 7y, Tag = Tpp—1 for 2 < 1 < n,, and T4p,41 = Tane+1. Assume
that a balance check occurs at tp in subsession n + k. Let y = tp — max(}, t,4x), then
tg —t7 = Zle 74, +y. Denote P, as the probability that exactly k& QoS changes occur
in [t],¢p] under the condition that K = i. Let a;y = o4y mod 241 for @ € {1,2}, Cr;

can be expressed as

Cri=Pioi 1 Ely|K = i,t] <tp <t + Z P
k=1

k
X {Z OéuE[TdJ‘K = i, thrl < t;] + C(i’k+1E|:y’K = i,tn+k <tp < tn+k+1]}

=1

(4.23)
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In (4.23), Elrg|K = i,t,y < t3] is derived as follows: For K = i, let f;;(7,;) be the

density function of 7,;. We have

pe HFral [ is odd
Qe *HTal [ is even

pe Frat - is odd
_ K .
Ee~aTel [ s even

fru(7ag) = { and  fo(7a.) = { (4.24)

Eq. (4.24) is explained as follows: For K = i and when [ is odd, subsession n + [ — 1
is served with QoS class i. Therefore, f;;(7,;) is exponentially distributed with rate p.
When [ is even, subsession n 4+ [ — 1 is served with QoS classes 2 and 1 for K = 1 and
K = 2, respectively. Therefore, f;;(7,;) is exponentially distributed with rates éu and
i/ é, respectively. From (4.22) and (4.24), E[r41|K = i,t,+1 < t5] can be derived as

E[Td71|K - Z.vtn-i-l < té]:E[Trhr < Ta,lyK = Z]
fToo_ Trfr(Tr) fTiol =, fil(Ta 1)dTa 1d7‘r

4.25
j;-_ fr( r) fTal =7, fz 1(Ta1)d7—ald7-r ( )
For [ > 2, and from (4.10) and (4.24), E[14;|K = i,t,4; < t5] can be derived as
Blra| K = 1, tnya < L3
=E[Tpii1|Tnyi-1; E TahKf— Z] .
fmorirl 1=0 Lp41— If:c(xn—i-l 1) Tal—m f J:fz (Tal)dTaldl‘n-l—l 1
_ (4.26)
f$n+l 1= Of:v(_xn-‘rl 1 L — fz (Tal)dTa ldl‘n-l—l 1
Combining (4.25) and (4.26), [lelK- i tn+l 3 tQ] can be expressed as
m , [ is odd
Elra |K =i tps < t3) = < 3747 » K = 1 and [ is even (4.27)
TL/&, K =2 and [ is even

In (4.23), E[y|K = i,t] < tp < ty41) and E[y|K = i,tpr < tp < tnir+1] are derived as
follows: Since the balance check is a random observation point of 744+, and from reverse
residual life theorem for the exponential random variables [48], Ely| K = i, max(t], t,1x) <

tp < tn+k+1] = E[Td,k-i-l]' If tf <itp <tpy1, We have

Ely|K =1i,t] <tp <lp4]
:/ Trfr(TT)/ fi,l(Ta,1>dTa,1dTr+/ Ta,lfi,l(Ta,l)/ fr(Tr>dTrdTa,l
=0 T T T

a,1=Tr a,1:0 r=Ta,l

(4.28)

70



For t,,.x < tp < t,iks1, We have

Ely|K =ity <tp < tnypsi]

[o@) o
:/ T fo(Trir) / Ji1 (Taet1)dTo 1 dTn 1
X

n+k=0 Ta,k+1=Tn+k
o0 [ee]
+/ Ta,kJrlfi,kJrl(Ta,kJrl)/ Jo(Trgr) A 11 dTo 1 (4.29)
Ta,k+1=0 Tntk=Ta,k+1

Combining (4.28) and (4.29), Ely|K = i, max(t], t,+x) < tp < tpix+1] can be derived as

E[y‘K =1, max(t’{, thrk) <tp < tn+k+1]:E[Td7k+1‘K = Z]

=, kis even
+
57 K =2 and k is odd
n/é

In (4.23), P, is the probability that max(t],t,+x) < tp < min(t,4x41,t5) under the
condition that K = i (see Fig. 4.5). To derive P, we consider [t],t}] as a renewal
interval and define a continuous-time stochastic process A(t), where
™
Alt) =11 St mSe<ti, and 2 <1< n,
na L, bar gt 5 =

At time ¢, there are exactly A;(t') —} Q’(—)S._ch@rtlgesﬂ; occur in [t7,t]. Therefore, P;) =
PrA(tg) = k+ 1|K = i]. In F1g45, t§> tn,Jrk and the length of time such that
A(t) = k +11s 74441 Since tp i rrunifor-ml‘y- distributed over [t3,t5], and from the
alternating renewal theory [48], P;; can be computed as

Pr[t§ > tn+k|K = Z']E[Td7k+1|K = Z]

P r=Pr[A(tg) =k + 1K =] = Elt; — 1K = ]
2 1 -

(4.31)

In (4.31), Pr[t; > t,.x|K = i] is derived as follows: For k = 0, it is clear that Pr[t5 >
to| K =i = 1. For k > 1, we have

k
Pr(t; > t, k| K = i]=Pr[r,1 > 7| K = i H Prir,; > xpp1| K =1

=2
= [/ / fr(Tr)fi,l(Ta,l)dTa,ldTr]
=0 J T4 1=Tr

i

00
/ f:v(-rn-l—l—l)fi,l(Ta,l)dTa,ldl‘n-l—l—l
Ta,l=Tp4l—1

(4.32)

Tpt1—-1=0
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From (4.10), (4.22) and (4.24), (4.32) can be expressed as

2 K=1
Pr[t; > tus| K = i] = {(”W’“m%m’““m o (4.33)
G G e =2
In Fig. 4.5, t5 — 5 = "7 7,;. Therefore, the expected length of renewal interval [t, 3]
can be computed as
Elty — t;|K = i]=) _Prlng = [|K = i|E[t; — t{|K = i,nq =]
1=0
=Y Prng > | K = i| B[y |K = i]
1=0
= Prfts >ty |K = i|Elrg,| K = i] (4.34)
=1
Following the derivation for (4.32) and (4.33), we have
)\l*l K -
Pr(ty >ty 1| =i = { OFT I e l072T (4.35)
Ot) D72 (A p/a) [0-D72] ) K =2
Following the derivation for (4.28)-(4.30), we have
o5 s oad
Elrg|K = = ﬁéﬁ— I =<1 and [ is even (4.36)
3 %;4/;;"'[( 3 2_: and [ is even
Substituting (4.35) and (4.36) info (4.34) %0 vield =
-', " - THSE 3 1
9% A A2
P, : .]»'[1_ au} K=
E[t; — 7| K =1] = [A‘"l ’ E>\+N)(>\“-i-‘04/4) (A+p)(A+ép) . (4.37)
[ T o] =2
Ap (M) (A +p/a) (M) (A +p/a) ’
From (4.30), (4.33) and (4.37), (4.31) can be expressed as
1 A -1 A2 AP ki dd
P [m + <A+m<A+au>] [1 - (Hu)()ﬂrdu)} [(Aw)f "2 <A+aw>t’f/2l+l] 180
= -1
1 Y A2 Ak -
[m <A+m<A+au>] [1 - <A+u><A+am} [(Aﬂm k/ﬂﬂ(xmmtkm] ke 18 even
(4.38)
and
1 A -1 A2 AP ki dd
Py, = [m T (/\+u)(>\+u/d)] [1 B <A+m<A+u/d>} [(Aﬂmk/ﬂ <A+u/d)tk/2J+1} ) 150
k= -1

1~ et |
Atu)(Atp/a) || A+ TR2THL (N /a) /2]

} , k is even

(4.39)

1 A
[m T (A+u)(>\+u/d)]

Substituting (4.27), (4.30), (4.38) and (4.39) in (4.23), C7,; can be obtained. Finally,
Cr can be computed from Egs. (4.20), (4.21) and (4.23).
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Table 4.1: Comparison of the Analytic and Simulation Results (6 =0, N =2 and & = 2)

Ty Mg Cp (unit: 1/X)

(Unit: 1/) Sim. Ana.  Error Sim. Ana.  Error
0.1 1100.66 1100.0 -0.06% 0.1364 0.1364 0.00%
0.25 500.55  500.0 -0.11% 0.3001 0.3000 -0.03%
0.5 298.03  300.0 0.66% 0.4996 0.5000 0.09%
0.75 232.39  233.3  0.40% 0.6429 0.6429 0.00%

1 198.89  200.0 0.56% 0.7499 0.7500 0.01%
2.5 140.08  140.0 -0.05% 1.0712 1.0714 0.02%
5 119.49 120.0 0.42% 1.2507 1.2500 -0.05%
7.5 112.51 113.3  0.73% 1.3234 1.3235 0.01%
10 109.29  110.0 0.64% 1.3636 1.3636 0.01%

(a) The Basic Scheme (pg = 0.01)

Ty mr Cr (unit: 1/))

(Unit: 1/X\)  Sim. Ana. Error Sim. Ana. Error
0.1 9.8007 9.8000 -0.01% 0.1604 0.1604 -0.01%
0.25 3.8461 3.8462 0.00% 0.4188  0.4188 0.01%
0.5 1.8884 1.8889°0:08%, 0.8620 0.8619 -0.01%
0.75 1.2465 12464 #=0:00% 7+ 1.3086  1.3089  0.02%
1 0.9283 =0.9286 =0:03%. "1.7579  1.7571 -0.04%
2.5 0.3654 =0'3655 0:03% 44546  4.4526 -0.05%
5 0.1814 =0.1815°°0.03% /89552 8.9502 -0.06%
7.5 0.1207 “0:12070:03% 13.4434 13.4491 0.04%
10 0.0904 0.0904 0.01%* 17.9514 17.9486 -0.02%

(b) The Threshold-based Scheme (py — o0)

4.4 Simulation Validation

The analytic model developed in this section is used to validate against the simulation
experiments. The input parameter 7, and the output measures Cz and C'r are normalized
by the mean 1/\ of the subsession holding time. The discrepancies between analytic
analysis (specifically, Egs. (4.3), (4.6), (4.19) and (4.20)) and simulation are within 1%
in Table 4.1. The simulation model follows the discrete event approach described in

Chapter 2, and the details are omitted.
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Figure 4.6: Effects of 7, (N = 2, ap = 204 and py = 0.01)

4.5 Numerical Examples

This section uses simulation expetiments to inVestigate the performance of the OCS credit
re-authorization procedure. In the simulatioh, the ‘granted time units 7, is fixed and the

performance is investigated by the output‘measures M and C'.

e My and My represent the mumbers of ABMF message exchanges performed by the
basic scheme and the threshold-based scheme, respectively. The smaller the My /Mp
value, the better the threshold-based scheme.

e ('p and Cr represent the inaccuracies of the credit information reported by the basic
scheme and the threshold-based scheme, respectively. The larger the C7/Cp value,
the larger the inaccuracy of the account balance reported by the threshold-based

scheme.

Effects of the granted time units 7,. Fig. 4.6 plots M7;/Mp and Cr/Cp against the
threshold parameter ¢ and the granted time units 7,, where N = 2, ay = 20y and
po = 0.01. Fig. 4.6 shows the trivial result that My/Mp is a decreasing function of
75, and Cr/Cp is an increasing function of 7,. The non-trivial result is that when
7, < 5/A, the threshold-based scheme significantly reduces the ABMF signaling

overhead while the inaccuracy of the credit information insignificantly increases.
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Figure 4.7: Effects of 6 (N = 2, ap = 2c; and py = 0.01)

Effects of the threshold parameter §. Fig. 4.7 plots M and C against the threshold
parameter ¢, where N = 2, Q= 20 and po = 0.01. The output measures for the
basic scheme are not affected By §..For thethreshold-based scheme, My increases
and C'r decreases as increases. | Whét 5 is'large, the basic scheme and the threshold-
based scheme have the same performance. In Fig. 4.7, the performance of the

threshold-based scheme is S’imilarfé biatof dhe basic scheme when & > 2.5.

Fig. 4.7 (b) quantitatively indicates Eow 0 and 7, affect C'. In the OCS, the guideline
for selecting the granted time units 7, can be found in [52]. When a specific 7, is
selected, for example, 7, = 5/, we observe that Cz = 0.297, in the basic scheme. If
the mobile operator can tolerate a larger inaccuracy of the credit information, e.g.,
C < 0.57,, then we can choose 0 = 1 in the threshold-based scheme. In this case,

Cp = 0.437, and M is decreased by 46.45% as compared with the basic scheme.

Effects of the session termination probability py. Fig. 4.8 plots My /Mp and Cr/Cp
as functions of py and J§, where N = 2, ay = 20y and 7, = 1/\. As py increases,
both My and Mp decrease. However, the proportion My /Mg of the ABMF message
exchanges saved by the threshold-based scheme is the same as illustrated in Fig. 4.8
(a). Fig. 4.8 (b) shows that Cr/Cp is also insignificantly affected by py.

Effects of the number N of QoS classes. Fig. 4.9 plots My /Mpg and Cr/Cp as func-
tions of N and 0, where o; = iy, po = 0.01 and 7, = 1/A. This figure shows that
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Figure 4.8: Effects of 0 and py (N =2, as = 2a; and 7, = 1/))

both My /Mpg and Cr/Cp are not significantly affected by the number N of QoS
classes. For N = 4, when 4 decreasesifrom 0.5 to 0, My /Mp decreases by 9.79% and
Cr/Cp only increases by 2.71%. Thetefore, it is better to set § = 0 than § = 0.5 in
this case. Note that the thr;eshold—basé‘d,srchemg with = 0 is not equivalent to the

basic scheme.

4.6 Summary

This chapter studied Online Charging System (OCS) in UMTS. We proposed a threshold-
based scheme with parameter o to reduce the traffic signaling for the OCS credit re-
authorization procedure. An analytic model is developed to investigate the performance
on the basic scheme [51] and our proposed threshold-based scheme. Basically, the threshold-
based scheme reduces the number M of ABMF message exchanges during a session at the
cost of increasing the inaccuracy of credit information C' when a balance check occurs.
These two conflicting output measures are affected by the threshold parameter § and the
granted time units 7,. We make the following observations, where the subscripts “B” and
“T” in the output measures M and C represent the basic scheme and the threshold-based

scheme, respectively.

e the ratio My /Mp is a decreasing function of 7,, and the ratio Cr/Cp is an in-

creasing function of 7;. When 7, is small, the threshold-based scheme significantly
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Figure 4.9: Effects of § and N (a; = icq, pp = 0.01 and 7, = 1/X)

reduces the ABMF signaling overhead while the inaccuracy of the credit information

insignificantly increases.

o As the threshold parametef’d increases, My mcreases and Cp decreases. When 0 is

large, the basic scheme and the threshold-based:scheme have the same performance.

e As the session termination ‘probability' Posincreases, both My and My decrease.
However, the ratio My /Mp is not affected. Also, the ratio Cr/Cp is insignificantly
affected by py.

e Both My /Mp and Cr/Cpy are not significantly affected by the number N of QoS

classes.

Based on the above discussion, the mobile operator can select the appropriate ¢ and 7,

values for various traffic conditions based on our model.

4.7 Notation

The notation used in this chapter is listed below.

e «: the expected credit units consumed in one time unit
e «;: the number of credit units charged for every time units in a class ¢ session

e ofl) = Y14i mod 2)+1
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& =ag/a

0: the parameter for the threshold-based scheme

A(t): the number of QoS changes occur in [¢],t] is A(t) — 1

Cp: the expected inaccuracy of credit information when a balance check occurs
during an in-progress session in the basic scheme

Cr: the expected inaccuracy of credit information when a balance check occurs
during an in-progress session in the threshold-based scheme

E[mg]: the expected number of ABMF message exchanges for a subsession in the
basic scheme

E[mr]: the expected number of ABMF message exchanges for a subsession in the
threshold-based scheme

Mp: the expected number of ABMF message exchanges for a GPRS session in the
basic scheme

Mr: the expected number of ABMF message exchanges for a GPRS session in the
threshold-based scheme

fz(zy,): the density function of. :p,;' =2

fr(7): the density function;é_f T u‘“

fu(Tu): the density function ofim, % =

I,: the QoS class of the ;s_ubses'sion 'i‘n_lmediatiisly before the last ABMF message

exchange occurs N o

J,: the QoS class of the n-th subsessien’

A: the rate of z,,

p: the rate of 7,

k: a balance check occurs at ¢ in subsession n + k

K: the QoS class of the session at ¢}

m(i, j): the number of ABMF message exchanges for a subsession in state (i, j)

N: the number of QoS classes

n.: the number of QoS changes occur during the streaming session (including the
last QoS change that terminates the session)

ng: the number of QoS changes occur during [¢7, t5]

po: the probability that an in-progress session terminates when a QoS change occurs
pa: the transition probability from state (1,2) to state (1,1)

pp: the transition probability from state (2, 1) to state (2,2)
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P, i the probability that exactly & QoS changes occurs in [t], ¢ 5] under the condition
that K =1
T(ij): the stationary distribution of the Markov chain {Z,,n > 1}
To1: the time units that can be supported by the remaining granted credit units at
t;
To,: the time units that can be supported by the remaining granted credit units at
tnyio1 (12> 2)
Taq = min(7,, 7,1)
Tag = min(x, 1, 7,,) for [ > 2
74: the time period between when the previous ABMF message exchange occurs
and when the balance check occurs
Ty: the time units that the SBCF grants to the GGSN through the ABMF message
exchange
7(7,7): the unused time units at the beginning of the subsession in state (i, j)
7. the period between when the ABMF message exchange occurs and when the
next subsession starts hiRAS .
Ty: the time units left at the end of t,he prev10us subsession
t7: the time that the prev1ous ABMF message exchange before {5
t3: the time that the next ABMF mmge exchange after tp
tg: the time that the balance check occurs
. the time that the n subsession Starts -
Zp: the subsession holding time
y =tp —max(t], t,1x)

Zn = (I, Jp) is a two dimensional random variable for the Markov chain

79



Chapter 5

Conclusions and Future Work

The IP Multimedia Core Network Subsystem (IMS) provides real-time multimedia services
for Universal Mobile Telecommunications System (UMTS). Traditional voice and basic
data services such as Short Message Service (SMS) and Multimedia Messaging Service
(MMS) deliveries are the principal sources of revenue for most mobile operators. The
deployment of IMS will bring more competition for more specialized services and content.
However, before the benefits of IMS and all-IP can be realized, a fundamental issue
must be addressed is charging/ billih.:g', Whichr_is" 'o'-ne of the most important activities in
telecommunications. In this dissértatioﬂii‘"\:gvéﬁ ﬁrst st.udied how to design an IMS prepaid
application server to integrate éXisting IP-b'é:s,ed'ser{!(ices. Then we investigated how to
improve the performance in UMTS oﬂlifrlleeTalﬂging éystem. This chapter concludes our

work presented in this dissertation', ‘anid briefly discusses future directions of our work.

5.1 Concluding Remarks

In Chapter 2, we proposed a prepaid application server to handle both the prepaid calls
and messaging services in the IMS. When both voice and messaging are simultaneously
offered, a potential problem is that the delivery of a message during a call may result in
force-termination of that call due to credit depletion. To address this issue, we proposed
a strategy to determine if a prepaid message can be sent out during a call session. We
presented an analytic model to investigate the performance of this strategy. The analytic
model developed in this chapter is validated against the simulation experiments. Our
study provides guidelines to select appropriate input parameters for the prepaid applica-

tion server.

In 3GPP Release 6, the IP-based Online Charging System (OCS) is defined to support
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online charging for GPRS and IMS services. In Chapter 3, we studied the online credit
reservation mechanism for the online charging system. Through the Recharge Threshold-
based Credit Reservation (RTCR) mechanism, prepaid IMS services can be supported by
the 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 OCS. We also developed simulations experiments to evaluate
the performance of the proposed scheme. Based on our study, the mobile operator can
select the appropriate parameter values for various traffic conditions.

During an online charging General Packet Radio Service (GPRS) session, a number of
mid-session events, such as Quality of Service (QoS), could dynamically affect the rating
of the in-progress service. When such events occur, the GPRS support node needs to
re-authorize the granted credit units with the OCS. If the QoS changes frequently, the
signaling traffic incurred by the re-authorization procedure increases heavily. In Chap-
ter 4, we proposed a threshold- based‘ scheme ‘that utilizes a threshold parameter ¢ to
reduce the signaling traffic for the OCS eredlt re—authorlzatlon procedure. Simulations
and analytic model are developed to evaluate the performance of the proposed scheme.
By selecting an appropriate 0 value LOut- Ld;y_mdmates that the signaling overhead in
the OCS can be significantly reduced Whlle the maccuracy of the credit information in-
significantly increases. Based on our model the moblle operator can choose appropriate

parameter values in the threshold-based scheme for various traffic conditions.

5.2 Future Work

Based on the research results of this dissertation, we suggest the following topics for future

research:

Performance of the Tariff Switch Mechanism. During a service session, the tariff
information may be changed when a specified event occurs (i.e., a tariff switch is
reached). In such case, all active user sessions should report their session usage by
the end of the validity period of the current request and should receive new quota
for resource usage for the new tariff period. It is important to set the tariff switch
time appropriately such that the OCS can handle all the requests without delaying

the service continuity. In order to avoid the tremendous signaling messages caused
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by simultaneous quota refresh, the OCS should handle the credit allocation with
more flexibility. For example, the granted credit units can be split into resource
usage before a tariff switch and resource usage after a tariff switch. Different kinds
of credit allocation mechanisms for tariff switch can be further investigated and

analysed.

Reducing Signaling Messages for Failure Handling. In the Diameter CCA message,
the Credit-Control-Failure-Handling AVP determines what to do if the sending of
Diameter credit control messages to the OCS has been temporarily prevented. The
usage of Credit-Control-Failure-Handling AVP gives flexibility to have different fail-
ure handling for online credit control session. As defined in RFC 4006 [30], the
Tx timer is introduced to limit the waiting time in the Charging Trigger Function
(CTF) for the CCR response from the OCS. When the Tx timer elapses, the CTF
takes an action to the end user according to the value of the Credit-Control-Failure-
Handling AVP. It is possible that several concurrent online charging sessions are
handled in the same CTF. In this case, a mechanism is needed to reduce the con-
current retransmissions of cred.i;t'controlrniés's_ages exchanged between the CTF and

the OCS. " EHIH S

Policy and Charging Contré! '"Intégrgt'ifo_p, The‘iQoS control in IMS/GPRS is real-
ized by the Session-Based ZO(:@Z Polzcy (SBLP) functionality defined in 3GPP Re-
lease 5 [3]. In SBLP, the Policﬂy:Decision Function (PDF) is responsible for making
policy decisions based on session and media-related information obtained from the
CSCF. On the GGSN side, the Policy Enforcement Function (PEF) is implemented
to be responsible for QoS control of the IP service flows. When the QoS policy con-
trol and the flow-based charging functionalities are used as separate mechanisms,
it will increase the interworking cost between the network nodes (e.g., GGSN and
P-CSCF) and the charging nodes. Through the Policy and Charging Control (PCC)
defined in 3GPP Release 7 [19], integration of QoS policy and charging rules can be
realized in the IMS network or other bearer network (e.g., WLAN, WiMAX). The

design of the PCC architecture to support roaming among heterogeneous wireless

network is for further study:.
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