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Abstract—In this paper, we focus on resource reservation protocol (RSVP)-based quality-of-service (QoS) provisioning schemes
under Internet protocol (IP) micromobility. We consider QoS provisioning mechanisms for on-going RSVP flows during handoff.
First, the rerouting of RSVP branch path at a crossover router
(CR) at every handoff event can minimize resource reservation
delays and signaling overheads, and in turn the handoff service
degradation can be minimized. We show that RSVP branch path
rerouting scheme could give a good tradeoff between the resource
reservation cost and the link usage. Second, the new RSVP reservation can be made along the branch path toward the CR via a
new base station in advance, while the existing reservation path
is maintained, and in turn the on-going flow can be kept with the
guaranteed QoS. We also show that seamless switching of RSVP
branch path could provide the QoS guarantee by adaptively adjusting the pilot signal threshold values. Third, during RSVP resource reservation over wireless link, dynamic resource allocation
scheme is used to give a statistical guarantee on the handoff success
of on-going flows. We finally obtain the forced termination probability of guaranteed service flows, the average system time of best
effort flows by using a transition rate matrix approach.
Index Terms—Advance reservation, dynamic resource allocation, path rerouting, resource reservation protocol (RSVP),
seamless quality-of-service (QoS).

I. INTRODUCTION

I

N Internet protocol (IP)-based wireless networks (RANs),
base stations (BSs) connect radio system to an IP radio access network (RAN). These BSs [or access routers (AR)] use IP
protocols for data transport and signaling in either wireless local
area networks (WLANs) or fourth-generation (4G) networks,
but their coverage areas (or cells) may be arranged in any arbitrary topology. Recently, as it becomes much easier to access the
Internet from a mobile host through wireless networks, the mobile users will be demanding the same real-time service available to fixed hosts. Typically, real-time applications impose very
strict quality-of-service (QoS) requirements on the underlying
transmission network. IPv6, next-generation Internet protocol,
allows DiffServ-style QoS to be applied with a flow-ID field in
its IP header. Nevertheless, some applications such as streaming
audio and video would be much better served under the IntServ
since they have a relatively constant bandwidth requirement for
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a known period of time; IntServ and resource reservation protocol (RSVP) allow Internet real-time applications to reserve resources before they start transmitting data.
However, there are several problems in considering conventional RSVP under host mobility scenario [1]. First, in standard
RSVP operation, since each data source issues PATH messages
periodically to automatically reserve resources along a new path
after a routing change occurs, a mobile receiver must wait for
a PATH message at its new location before it can send a RESV
message back along the new path to the source for reservation
of resources. This problem can be avoided by the mechanism
that the sender triggers the transmission of a PATH message
after receiving a binding update message from the mobile node
(MN). Second, due to the long resource reservation delay during
reestablishment of a flow after handoff under RSVP, service
disruptions could occur in providing real-time services. Third,
there is also no guarantee that the same level of resources will
be available under a new point of attachment to which an MN
moves. This implies that there may be service disruption with
the mobility of the host. Consequently, the wireless links and
host mobility will be the most critical point for QoS delivery
and, thus, access networks without any QoS support will not be
able to adequately support a wide range of services.
Until now, there have been a number of studies on supporting
the QoS under mobile IP and RSVP [2]–[7]. In this paper, however, we focus on RSVP-based QoS provisioning schemes under
IP micromobility protocol. We, thus, propose a mechanism for
the QoS provisioning of on-going session during handoff under
RSVP. First, the rerouting of RSVP branch path at a crossover
router (CR) at every handoff event can minimize resource reservation delays and signaling overheads, and in turn the handoff
service degradation can be minimized. Second, the new RSVP
reservation can be made along the branch path toward the CR
via a new BS in advance while the existing reservation path is
maintained, and in turn the on-going flow can be kept with the
guaranteed QoS. Third, during RSVP resource reservation over
wireless link, dynamic resource allocation scheme can be used
to give a statistical guarantee on the handoff success of on-going
flows. Eventually, the on-going flow can be kept with the guaranteed QoS.
We describe RSVP issues for IP QoS in RANs in Section II.
RSVP path management and seamless switching of RSVP
branch path are presented in Sections III and IV, respectively.
Dynamic resource allocation over wireless link is presented
in Section V. In Section VI, examples and discussions are
illustrated and discussed. Finally, conclusions are given in
Section VI.
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II. RSVP ISSUES FOR IP QoS IN RANs
In this section, we present an overview of IP micromobility
protocol and its interaction with RSVP, and descriptions of QoS
issues such as RSVP signaling loads and long reservation delay,
seamless handoff of the flow with RSVP reservation path, and
RSVP resource reservation over wireless link. The purpose of
this discussion is to set the stage for the following sections.
A. IP Micromobility Protocol
Most IP micromobility protocols such as cellular-IP [19] and
handoff-aware wireless access Internet infrastructure (HAWAII)
[12] have hierarchical topology in which the network is normally organized in a tree with a single gateway node (GW) as
a root [8]. These protocols were suggested as not replacements
but enhancements to the mobile IP protocol and, thus, reduce the
performance impact of mobility by hiding local migrations from
home agents (HAs). That is, an MN’s IP address known by an
HA represents the GW’s address that is common to a potentially
large numbers of network access points. Hence, a correspondent
node (CN) regards the GW’s address as an MN’s care-of-address. In order to ensure that packets arriving at the GW are
forwarded to the appropriate access point and, thus, delivered
to the MN’s actual point of attachment, IP micromobility protocols maintain a routing database which maps host identifier, IP
address, to actual location information, interface number. More
specifically, each entry in a routing database contains a pointer
to the next node toward the MN’s actual point of attachment.
Thus, when forwarding a downlink packet, intermediate nodes
must read the original IP address in the packet and then find the
corresponding entry in the database. They finally forward the
packet to the next node by the interface pointer.
Mobile IP has been optimized mainly for macromobility and
relatively slow-moving mobile hosts. This makes high signaling
overhead under the frequent notification to an MN’s HA, and
thereby gives service disruption during handoff. However,
IP micromobility protocols aim to handle local movement of
mobile hosts without interaction with the mobile IP enabled
Internet. This has the benefit of reducing delay and packet loss
during handoff and eliminating registration between mobile
hosts and possibly distant HAs when MNs remain inside their
local coverage areas. Eliminating registration in this manner
reduces the signaling load experienced by the core network in
support of mobility.

Fig. 1.

RSVP-enabled router diagram in IP micromobility protocol.

tion latency and unnecessary control traffic. Fig. 1 shows an
RSVP-enabled router diagram in IP micromobility protocols. In
Section III, we propose an RSVP branch path rerouting scheme
at a CR for giving a solution to this problem.
C. Seamless Rerouting of RSVP Branch Path
Typically, handoff event can cause packet losses when processing of an admission request in a new BS is delayed. In this
situation, some packets might be discarded, and thereby overall
quality of the on-going flow might be degraded significantly. In
the worst case, a delay in handoff may cause the connection to
be dropped. Therefore, QoS signaling at handoff should be carried out very quickly. If the time required to restore a flow of
traffic, after an MN receives the beacon that triggers a handoff,
is very short, it might be possible to provide QoS guarantee to
some real-time applications together with proper retransmission
buffer size and well-measured beacon period. With RSVP path
reservation, however, it may not possible to get enough short
total handoff time in order to provide QoS guarantee. This may
be caused by resource reservation delay during RSVP branch
path reestablishment at every handoff. For example, when the
amount of link bandwidth to be reserved for a real-time application is rather large, even short handoff time can cause a significant packet loss, and thereby on-going flow sessions may
be disrupted. In Section IV, therefore, we propose a seamless
switching of RSVP branch path for soft handoff.

B. Efficient RSVP Resource Reservation
Under IP micromobility protocols, the mobility of the end
node will be hidden by the gateway and, thus, there will not be
any RSVP signaling messages between a sender in Internet and
a gateway in a wireless access network. Instead, RSVP resource
reservation path needs to be repaired locally between the GW
and an MN whenever an MN changes its access point within a
domain. Moreover, RSVP state information needs to be modified because the forwarding mechanism does not depend on the
normal IP routing but a routing scheme according to IP micromobility protocol. Typically, RSVP path setup needs to be performed very frequently when serving large number of mobile
users (with RSVP sessions) moving very often between small
cells. Thereby, this can result in increased reservation restora-

D. Resource Reservation Over Wireless Link
In wireless access networks, channel capacity is typically limited and expensive compared to that in wired network, therefore,
the resource reservation scheme must facilitate the network utilization to the highest degrees possible. However, the amount
of the resource reservation required by RSVP flows in a cell
can differ according to their QoS needs and can be time-variant
due to mobility pattern of mobile users. This makes it difficult
to reserve the same level of resource (over wireless link) in a
new cell during handoff. Meanwhile, resource allocation over
wireless link should be as simple as possible in order to reserve resource immediately on processing RSVP RESV message. In Section V, thus, a dynamic resource allocation scheme
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is proposed to give a statistical guarantee on handoff success of
on-going RSVP flows.
III. EFFICIENT RSVP PATH MANAGEMENT
UNDER IP MICROMOBILITY
Frequent handoff of RSVP flows between small cells results
in increased reservation restoration latency and unnecessary
control traffic. In order to reduce RSVP reservation failure due
to network congestion, as well as RSVP reservation latency
due to control signal overheads, shorter hops and circuit reuse
should be taken into account during RSVP path rerouting at
handoff. In particular, for the flows with excessive capacity
demands such as streaming audio and video, fewer hops can
guarantee overall high link utilization.
As a result, RSVP resource reservation signaling needs to
be managed efficiently in only branch part of the tree, instead
of traveling the entire path between the gateway node and the
MN. That is, RSVP signaling messages need to be exchanged
between the closest network node common to the former RSVP
path and an MN since the significant portion of the overall
handoff time under RSVP depends on the partial path connection setup time. Therefore, special mechanisms are needed to
minimize the resource reservation delay and the packet loss
resulting from handoffs under RSVP. We here propose an
RSVP path rerouting scheme in order to be able to efficiently
prevent this undesirable situation. That is, by rerouting RSVP
branch path at a CR at every handoff event, handoff resource
reservation delays and signaling overheads can be minimized,
which in turn minimizes the handoff service degradation.

Fig. 2. HMRSVP with PF.

A. Determining the Location of a CR
The RSVP connection setup latency at handoff mainly depends on the number of hops required in rerouting the RSVP
branch path, which is CR dependent. In general, even though
path rerouting has the potential of creating an optimal path, the
time taken to determine the location of a CR and the time taken
to reroute an RSVP branch path may exceed delay bounds for
the QoS provisioning in mesh topology [14]. However, due to
the characteristics of tree topology in All-IP wireless access networks which adopt IP micromobility protocols, the time taken to
discover a CR becomes enough short to meet QoS delay bounds.
The process to locate a CR can be described as follows.
• When an MN sends a route update message along the new
path toward the GW, one of interior routers on the new
path detects the changes in forwarding entries. By seeing
the same IP address (of the source or the destination) in the
new forwarding entry with the interface number different
from the one stored in the old forwarding entry, the interior
router then decides the location of the CR.
• The interior router, which is a CR, then sends its RSVP
daemon a path change notification (PCN) message using
routing support for resource reservations (RSRR) interface [15], which is a specification for communication between RSVP and routing daemons. In other words, RSVP
resource reservation is accomplished by using the routing
interface that allows RSVP to access to forwarding database entries when those entries change.

Fig. 3. RSVP branch path rerouting at CR in IP micromobility scenario.

B. Rerouting of RSVP Branch Path at a CR
HAWAII [12] includes the interactions with RSVP in domain
root router (e.g., GW), while an MN remains within a domain.
That is, the RSVP path between the GW and an MN is restored
newly whenever an MN changes its access point within a domain. This may cause unnecessary control traffic overhead and
rather long reservation delay. Hierarchical mobile (HM) RSVP
[13] integrates RSVP with mobile IP regional registration and
makes advance resource reservations only when an interregion
movement may possibly happen. The pointer forwarding (PF)
scheme makes advance resource reservations only a forward
one-step path from an MN along the forwarding pointer chains
[13]. This scheme can, thus, reduce the length of links to reserve
newly at each handoff, but may cause excessive long RSVP path
due to triangle routing or loop routing during several handoffs
(see Fig. 2). In this situation, interior nodes located on this unnecessarily long path may become overloaded, since they suddenly might need to support more traffic than they have capacity
for. These severe congestion situations will severely affect the
RSVP reservation for the real-time traffic passing through such
nodes.
Fig. 3 shows an example of the RSVP branch path rerouting at
CR in IP micromobility scenario. The rerouting of branch-path
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Fig. 4. RSVP signaling messages for path rerouting at CR during handoffs. (a) MN is a sender. (b) MN is a receiver.

at CR can guarantee the minimum path change and the shortest
path from the GW to an MN: in the worst case a CR is the GW.
In this section, we describe the branch-path rerouting scheme
for efficient RSVP path management during handoff. In this
scheme, a CR can send a PATH (or RESV) message immediately after updating its forwarding table: only RSVP connection
between a CR and an MN is reestablished. Two cases of an MN
can be described as follows.
• In the case an MN is a sender, when the RSVP daemon
on the CR receives RSVP PATH message, it sees the same
PATH message arriving with a previous hop address that
differs from the one stored in the original PATH state and,
thus, immediately sends an RSVP RESV message to the
MN [see Fig. 4(a)].
• In the case an MN is a receiver, the RSVP daemon on
the CR can trigger an RSVP PATH message immediately
when detecting any changes to the stored PATH state or
receiving a PCN message from the underlying routing
daemon. When an MN receives this PATH message, it generates an RSVP RESV message after a receiver processing
delay on RSVP daemon [see Fig. 4(b)].
C. Performance Evaluation
For analytical simplicity, we assume a full binary tree with
a GW as a root for analysis model (see Fig. 3), and an MN
moves among only the leaf nodes (terminal BSs) in tree strucnodes is
ture. Hence, the depth of a full binary tree with
, that is, a full binary tree of depth has
nodes,
, and the number of nodes (BSs) at level is
. We assume that the tree topology is homogeneous, i.e.,
tree structures in all micromobility regions are topologically
identical. Therefore, we can model the mobility behaviors by
focusing on only one tree for each micromobility level and together by including the infinite number of the same tree structures for macromobility level. We also assume that macromobility rate depends on the micromobility rate and the number
of BSs in micromobility region: the probability an MN moves
within a micromobility region is much larger than that within
macromobility region.
1) Modeling Mobility Behavior of an MN: For simplicity,
we model the mobility behaviors of an MN among leaf nodes in

Fig. 5 State-transition-rate diagram for the mobility behavior of an MN in one
direction.

the lowest level of the tree hierarchy as Markov chain, as shown
in Fig. 5. To describe this Markov chain, we define the following
parameters.
State that an MN stays in a BS under micromobility,
where state (BS) is numbered sequentially from
left-end to right-end among leaf nodes of a tree or an
MN stays in a tree region under macromobility, where
state (tree region) is numbered sequentially under
the assumption that infinite tree regions exist.
Steady-state probability that an MN stays in a BS (or a
tree region) with the state .
Mean probability that an MN may move right to its
neighboring BS and perform micromobility handoff.
Mean probability that an MN may move right to
its neighboring region and perform macromobility
handoff.
Mobility rate of an MN.
We can obtain the balance equations from the Markov chain
of Fig. 5. Therefore

where
and
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From the above, the balance equations, the closed form of each
for all ’s can be derived as
steady-state probability

where
and
2) Analysis of Link Usage and Resource Reservation
Cost: We define following parameters to compare the resource
reservation cost and the link usage of the CR rerouting scheme
with those of the GW rerouting scheme and the PF scheme.
represents the resource reservation cost for a link between two
neighboring nodes in a tree. represents path optimization (or
tunneling) cost for fixing the new global path by informing the
HA and the CN of the new GW’s address as the MN’s new
care-of-address after macromobility handoff.
In both CR and GW rerouting schemes, the mean length of
the path required for holding an existing RSVP connection in a
since rerouting scheme is based on the
tree is equal to
shortest path to an MN from the GW node. In the PF scheme
[13], meanwhile, since an existing RSVP connection can be kept
over more than two trees during its lifetime (see Fig. 2), the
mean path length of forwarding pointer chains over trees can
be given by

where the first term
is the number of links to the leaf
node from the GW in a depth tree, the second term is the mean
path length forwarded by an MN from the left-end node (BS)
among leaf nodes in a depth tree, and the third term is the
mean path length within infinite numbers of depth trees under
macromobility.
On the other hand, in the PF scheme, the mean reservation
cost for the path rerouted (added or removed) newly at every
handoff is equal to a constant since an MN forward (or backward) by one-step link whenever performing a handoff. However, the number of links rerouted newly by a CR in RSVP reservation path at every handoff depends on the current BS (state
) and MNs moving direction (i.e. forward or backward) in a
depth tree region. In a depth tree topology, the number of
. That
rerouted RSVP path links at handoff varies from 1 to
is, when an MN moves between the nodes having same parents
in a tree, is only 1, but becomes 2 when moving between
the nodes having only same grandparents in a tree. In a worst
when moving between the nodes having only
case, is
same root in a tree. Eventually, the same number of links as is
rerouted at every interval node states whenever an MN moves
right with probability at state or moves left with probability
at state
among leaf nodes at handoff. Thus, the
mean reservation cost for the RSVP branch path rerouted newly
by a CR at every handoff can be given by

Fig. 6. Mean length of links used to hold an RSVP connection.

defines a set of all the node states obtained from inwhere
from
th node state to th node state
creasing by
when is the number of links rerouted by a CR in a tree. The
second term in the above expression is the mean of extra cost due
to macromobility handoffs during the lifetime of an RSVP connection. This is from the fact that RSVP branch-path rerouting
schemes by both GW and CR have to pay the extra cost such
as path optimization (or tunneling) for fixing the path between
the CN and a new GW. In the rerouting scheme by GW,
links are rerouted at every handoff. Hence, the mean reservation
cost for the path rerouted newly by a GW in a tree at a handoff
can simply be given by

D. Examples and Discussions
For an RSVP path rerouting scheme at every handoff event,
we assume a full binary tree with a GW as a root. Fig. 6 represents the performance results of the mean length of links required to hold an RSVP connection for the three schemes. First,
it shows that the mean path length of PF scheme is significantly
longer than those of both CR and GW based path-rerouting
schemes as the number of nodes in a tree increases. In the PF
scheme, an RSVP connection is maintained over more links due
to the unnecessarily long or nonoptimized path. Thus, when the
number of users with RSVP sessions increases, the probability
of network congestion may become higher or RSVP resource
reservation failure may occur more frequently. In both CR and
GW based path-rerouting schemes, however, the mean length of
the links required to keep a RSVP connection is kept low.
Fig. 7 depicts the mean resource reservation costs for the
paths rerouted newly at every handoff. The reservation cost in
the PF scheme is same regardless of the number of nodes in a
tree. The cost of GW rerouting scheme is linearly proportional
to the number of nodes in a tree. However, the mean resource
reservation cost for the CR rerouting scheme converges on the
value 2 even though the number of nodes increases up to 255.
This is because the only partial branch path between a CR and
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ertheless, there is no guarantee for the QoS of on-going RSVP
session at handoff event: RSVP flow sessions may normally be
disrupted until the new reservation is installed along the path
via a new AR after handoff under RSVP. Therefore, we propose a seamless switching scheme of RSVP branch path for the
on-going RSVP session not to be broken due to handoff.
A. Handoff

Fig. 7. Mean resource reservation costs for the paths rerouted newly at every
handoff.

Fig. 8. Comparisons of the mean resource reservation costs in the both CR and
GW based rerouting schemes.

an AR is rerouted, and the remaining path is reused without new
reservation due to micromobility.
In Fig. 8, we observe that the mean resource reservation costs
in the both CR and GW based rerouting schemes with the dif) of the path optimization (or tunferent values (
neling) cost
due to macromobility. In Fig. 8, the variations
in makes a little difference on the mean reservation cost when
the number of BSs (or nodes) in a tree is not big. However, we
can know that the path optimization does not make a notable effect on the mean reservation cost when the number of nodes in
a tree is rather large. In other words, the mean path optimization
cost due to macromobility handoffs is kept very low since , the
mean probability that an MN perform macromobility handoff,
becomes reduced rapidly as the number of nodes in a tree approaches to a limit value, about 63 in the case of Fig. 8.
IV. SEAMLESS SWITCHING OF RSVP BRANCH PATH
In Section III, RSVP branch-path rerouting scheme during
handoff may considerably reduce the reservation latency; nev-

There are three types of handoffs in cellular systems:
Intra frequency handoff, interfrequency handoff and intersystem handoff. Intrafrequency handoff is the movement
event between BSs using the same carrier frequency, e.g.,
soft handoff in code-division multiple-access (CDMA) systems. Interfrequency handoff is the movement event between
BSs using different carrier frequencies, e.g., hard handoff in
time-division multiple-access (TDMA) and frequency-division
multiple-access (FDMA) systems. Intersystem handoff is also
the movement event between BSs employing different air
interfaces: vertical handoff or interface switching, e.g., handoff
in heterogeneous network environments such as GPRS/WLAN.
1) Semi-Soft Handoff: For hard handoff, handoff latency is
the time that elapses between the handoff and the arrival of the
first packet through the new route. For a flow with RSVP path
reservation, this equals the path reestablishment time (and propagation delay) between the MN and the CR which is common
to both old and new downlink routes. During this time, downlink packets may be lost since an MN has to tune its radio to
the new BS (or AR) and wait for the first packet through the
new RSVP reservation path. However, at hard handoff, the path
via the old BS is not actually cleared until the soft-state timer
expires. Therefore, there exists a period when both the old and
new downlink routes are valid and packets are delivered through
both BSs. This can provide probabilistic guarantees even though
packet loss cannot be fully eliminated. This feature is called
semi-soft handoff [19].
In order to minimize QoS disruption due to handoff latency,
the RSVP path reservation via the new AR must be created before the actual handoff takes place. Therefore, when a mobile
sender with an RSVP flow initiates handoff, it sends a route update packet, which includes a PATH message, to a new AR and
immediately returns to tuning its radio to the old AR. When a
mobile receiver initiates handoff, it also immediately returns to
the old AR after sending a route update packet to a new AR.
After a CR detects a route update packet, it sends a PATH message toward the new AR, which sends an RESV message back
for reserving RSVP path. Thus, while the MN is still in contact
with the old AR, RSVP reservation states can be installed along
the route between the new AR and a CR.
Even though semi-soft handoff may make it possible for an
MN to keep receiving (or sending) packets immediately after
handoff, it does not provide fully seamless handoff of a flow
with QoS requirements. Depending on the network topology
and traffic conditions, the time to transmit packets from the CR
to both old and new ARs may be different and the packet streams
transmitted through the two ARs will typically not be synchronized at the MN [19].
2) Soft Handoff: Soft handoff is typically used in CDMA
systems, but it can also be considered in TDMA/FDMA
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Fig. 9. RSVP path reservation by a pilot strength threshold.

systems that use different carrier frequencies if a mobile
terminal has multiple network interfaces. However, it is not
easy to implement soft handoff in TDMA/FDMA due to the
problems such as synchronization of time slots and multiple receptions and transmissions at different frequencies [17]. Thus,
TDMA/FDMA systems typically execute hard handoff, which
restricts their utilization of macro diversity by implementing
hysteresis. The major advantage of soft handoff in CDMA
systems is macroscopic diversity, where a mobile station can
be in contact with more than one BS at a time. That is, soft
handoff allows a mobile station to communicate with multiple
BSs. The soft handoff mechanisms in several CDMA proposals
for 3G/4G services are very similar to those that are supported
in IS-95, even though a substantial change is required for
CDMA2000 1x EV-DV (Data/Voice) and W-CDMA HSDPA
(high-speed downlink packet access) because they do not
employ symmetric soft handoff [18].
The mobile assisted handoff (MAHO) scheme [17] can be
considered, where the mobile station takes the signal strength
measurements, and the BS makes decisions. A mobile station
must make a conditional decision, which depends on the
changes in signal strength from the two or more BSs involved.
Actual handoff is performed after making sure that the signal
from one BS is considerably stronger than those from the
others. Thus, an MN eventually communicates with only one
BS. In the interim period, a mobile station communicates
with multiple BSs at the same time. Thereby, soft handoff can
guarantee that a mobile station is indeed linked at all times to
the BS from which it receives the strongest signal, whereas
hard handoff cannot guarantee this.
B. Advance Reservation of RSVP Branch Path
Fig. 9 illustrates typical pilot strength variation as an MN
moves from one BS area to another area in the proposed scheme.

We assume that an MN moves from a BS coverage area to the
adjacent BS area. If an MN finds a neighboring BS with a pilot
signal higher than a predetermined threshold
, then a
new link to the BS is established while the existing link is maintained. If the pilot signal from either the old BS or the new
BS drops below a predetermined threshold
, the corresponding link is released. In [16], authors proposed a mechanism for resource reservation on wireless link by a predetermined threshold in a BS coverage area.
However, we here extend this reservation mechanism to all
the links within IP micromobility network in aid of RSVP and
CR discovery scheme. Thus, we define a new parameter
,
which is a threshold of RSVP reservation requests. This value
is less than
. If an MN finds any neighboring BS with
pilot strength exceeding
, it sends a RSVP reservation
request message to the RSVP daemon on the associated BS (or
AR). Afterwards, if the pilot strength drops and stays below
during a predetermined period, the MN asks the RSVP
daemon on the associated AR to release the RSVP branch path.
On the other hand, if the pilot strength reaches
, then the
MN with a RSVP session switches old branch path to the newly
reserved branch path by initiating soft handoff and keeps the
flow with the guaranteed QoS. In Fig. 9, the threshold
is not an absolute value but is rather a relative value to
.
When
is dynamically determined according to the current
wireless-link status and network load condition,
can also
be adaptively modified.
C. Proxy Agent
When an MN initiates an RSVP reservation session, it sends
an RSVP flow specification (called SPEC) message to a set of
possible ARs (called MSPEC) to which the MN may visit in
next step. Typically, SPEC message of a mobile sender contains
Sender_Tspec, Adspec and the destination address of a flow,
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RSVP branch path reservations by a proxy agent on behalf of an MN.

and SPEC message of a mobile receiver contains FlowSpec and
Flow ID. Thus, RSVP session objects in a SPEC message are
installed at the newly discovered AR’s in the MSPEC. All ARs
actually have proxy agents, which play a significant role in processing RSVP reservation request message triggered by
.
Hence, an MN needs to discover these proxy agents in order to
determine the IP addresses of them.
Consequently, when an MN makes a reservation via a current AR, it sends the SPEC of a flow to its remote proxy agents
on ARs in its MSPEC. For making advance reservation before actual handoff, a remote proxy agent will setup, using the
stored SPEC, the RSVP reservation (PATH or RESV) on behalf
of an MN on receiving an RSVP reservation request message
triggered by
. More specifically, when an MN finds any
neighboring BS (or AR) with pilot strength exceeding
, it
sends a RSVP reservation request message to the proxy agent on
the associated AR. Then, the proxy agent establishes the branch
path between the CR and the associated AR so that the path can
be reserved in advance. Fig. 10 shows that a proxy agent sets up
the RSVP reservation on behalf of an MN by using the SPEC.
In this scheme, the MN’s MSPEC can be changed dynamically while the flow session is open. After rerouting RSVP
branch path seamlessly during handoff, the SPECs stored in old
remote proxy agents except a current proxy agent are cleared,
and instead, SPEC message of the flow is sent to remote proxy
agents in new MSPEC. No change is necessary in the RSVP
message processing and forwarding rules except at the proxy
agents and the MNs. Meanwhile, during handoff, RSVP message exchange can be omitted over one-hop wireless link since
a proxy agent sets up the RSVP reservation on behalf of an MN
that will handoff soon. This can make signaling overhead (over
one-hop wireless link) reduced and can also allow radio resource
to be managed with special allocation schemes.

very effective in the case that cells, if hard handoff is considered, do not overlap enough to allow handoffs to complete before an MN loses connectivity with its previous BS. Seamless
switching of RSVP branch path during handoff can be described
as follows.
• When an MN is a sender, a proxy agent on a new AR
sends a PATH message (using the stored SPEC) to the CR
on receiving RSVP reservation request message before it
performs an actual handoff. The CR then sends a RESV
message to the new AR and, thus, new RSVP branch path
reservation is accomplished while the existing reservation
path is maintained.
• In the case of a mobile receiver, a proxy agent on a new
AR first sends a route update message on receiving RSVP
reservation request message. Then, a proxy agent responds
with a RESV message after receiving the PATH message
sent by the CR. Before an MN performs an actual handoff,
the packets are still delivered through the path reserved
previously via the old AR.
• During handoff, dynamic resource allocation is performed
for an MN over one-hop wireless link. As soon as an MN
sends (or receives) the packets through the branch path
reserved freshly via the new AR, it can explicitly remove
the reservations along the old branch path, and eventually
tunes its radio to the new AR.
• During this RSVP branch path-switching period, the
double wireless resource reservation is kept through both
the old and the new branch path. However, this period is
very short because the old branch path is released soon.
E. Performance Measures
The signal received by an MN can be taken as a random variable with lognormal distribution

D. Seamless Rerouting of RSVP Branch Path
Fig. 11 shows RSVP branch-path rerouting at CR and the
switching of the branch path for soft handoff. This scheme is

where is the signal level in decibels received by the MN from
the neighboring BS, which has the strongest signal among all
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Switching of RSVP branch path using soft handoff.

other neighboring BSs, assuming that Raleigh fading can be averaged out. is average received signal levels due to the path
loss from the neighboring BS and can be given as
, where
depends on the transmitted power
is typically a constant due to path loss and is the
in the BS,
distance from the neighboring BS. A handoff is required if the
average signal level received from the current BS drops below
that of the neighboring BS.
In our simulation, we assume that the threshold values of
,
, and
are given within the range between
31.5 and 0 dB. Furthermore, we assume that an MN’s velocity is a constant and the power strength of each BS is identical. Thus, the distance that a MN moves within cell boundary
area becomes proportional to the difference between two pilot
signal strengths. Hence, from the above formula, “RSVP path
preparation zone” denoted by in Fig. 9 is equal to
, where
depends
on the transmitted power in the BS and
is typically a constant due to path loss. As the MN moves to the neighboring BS,
the time it takes for a pilot signal to be changed from
to
,
can thus be calculated by
.
can actually be
adjusted dynamically by changing
, but too low
value can cause excessive unnecessary RSVP reservations.
On the other hand, a significant portion of the overall handoff
time under RSVP depends on the partial path connection setup
time. RSVP connection setup latency is a function of the signaling protocol overhead, the number of hops, the signal propagation delay and the number of connection requests. Since it is
not desirable to limit the number of connection requests made
by real-time applications, the signaling protocol overhead and
the number of hops required to setup the partial path during
handoff become the target for reducing the connection setup
time [11]. Now, we need to define the terminology for the signaling protocol overhead and the number of hops. The RSVP
packet processing delays, which are
and
for PATH and
RESV messages, respectively, on a router are defined as the difference between the time stamps at which the packet appears

TABLE I
AVERAGE CONTROL PACKET LATENCY (IN ms) UNDER
THREE TYPES OF LOADS IN THE NETWORK

on the input and output links [21]. The setup time for RSVP
is defined as the delay between
branch path rerouting
the time when the first PATH message is appeared on the MN’s
(or CR’s) interface and the time when the first RESV message
is detected on the same interface. The receiver processing delay
during this setup is the latency between the time the first
PATH message is seen on the CR’s (or MN’s) interface and the
time at which the first RESV message is seen on the same interface.
These delays depend on the load of routers and the number
of the existing RSVP connections; we can assume that they go
by normal distributions with the parameters in Table I, which is
obtained from the results in [21]. It shows the mean latency of
RSVP control packets in the three types of loads when a certain number of real-time sessions already exist. The numbers
in parentheses show the standard deviations. The setup time,
is, thus, given as
, where
is the number of links (routers) between the CR and an MN.
Total handoff delay
of a real-time flow with RSVP
resource reservation is the time it takes for an MN to receive (or
send) the first packet through the new RSVP reservation path
when performing an actual handoff. Therefore, the time difference between
and
then becomes an important
parameter for measuring the QoS of a real-time flow with RSVP
reservation path. When an MN moves into a new BS (or AR)
area under RSVP, the packets transmitted on the RSVP path
reserved freshly via the new BS may be lost if
is
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Probability of service disruption with various T

.
Fig. 13.

Probability of service disruption with MNs various velocity.

greater than
. Hence, the total handoff signaling process via
new BS should be completed during the period
.
When an MN is a sender,
is
if a PATH
message is sent inserted in a route update message in order to
reduce the signaling overhead. When an MN is a receiver, it has
to wait for
to send the route update packet to the CR, and
then also wait for
for RSVP branch path rerouting. In
order to keep the flow with the same QoS after a handoff, it has
to wait for the additional propagation delay
from the CR to
an MN. That is, an MN has to perform an actual soft handoff
after receiving the first packet through the new RSVP branch
path. However, the propagation delay
can be ignored under
micromobility network. Thus, for a mobile receiver, the total
handoff delay
is
. Hence, the total
number of lost packets of a flow with RSVP resource reservation
at soft handoff is
, where is the amount
of link bandwidth reserved for the flow. Consequently, if the
value of
is less than zero or equal to zero,
service disruption does not occur. This means that this scheme
can provide the QoS guarantee by dynamically adjusting the
through threshold
.
F. Examples and Discussions
For a seamless switching scheme of RSVP branch path,
Fig. 12 shows the probability of service disruption with various
threshold values of
. For the simulation, the threshold
values
is 13.0 dB, an MN’s velocity is 9.0 m/s, and
constants
and
in received signal level as 35.3 and 40.9,
respectively. In this figure, service disruption always occurs
with
dB, but there is no service disruption
after
dB. That is, as the pilot signal difference
between
and
is bigger, the time that an MN
spends in the RSVP path preparation zone in cell boundary area
becomes longer. On the other hand, the mean number of links
required to set up branch path at every handoff depends on the
number of levels in a tree. Hence, the smaller the number of
levels in a tree is, the less RSVP branch path setup time is. In

Fig. 14.
V

Mean number of lost packets with various

= 9:0 m/s, high load, and 1-Mb/s data rate.

T

under

this figure, the reasonable number of levels in a tree is within
five. Also, well-defined
value results in getting enough
time to set up new RSVP branch path when an MN moves to
the neighboring BS.
Fig. 13 shows the probability of service disruption with an
MN’s various velocity under
dB. In this figure,
the faster MN’s velocity is, the shorter the time that an MN
spends in cell boundary area is. Hence, seamless switching of
RSVP branch path can be obtained when the velocity is less than
or equal to 6 m/s. Fig. 14 shows the mean number of lost packets
with various threshold values of
under
m/s,
high load of routers and application with 1 Mb/s reserved bandwidth. In this figure, when
is 13.5 dB and the number
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QoS mechanisms for on-going flow under RSVP and IP micromobility.

of levels in a tree is less than 4, the on-going RSVP session
can obtain seamless service despite the branch path rerouting at
handoff. We can, thus, control the mean packet loss time by adjusting the threshold
in addition to the number of levels
in a tree. In this case, the total number of lost packets of a flow
with RSVP resource reservation depends on the amount of link
bandwidth reserved for the flow.

V. DYNAMIC RESOURCE ALLOCATION OVER WIRELESS LINK
Fig. 15 shows overall QoS mechanisms for on-going flow
during handoff under RSVP and IP mobility. If an MN enters
soft handoff zone, it checks the pilot signal strength from a new
BS. If the pilot signal is greater than or equal to the threshold
, it attempts to reserve resources along the path via
value
a new AR (or BS) in advance in order to keep an on-going RSVP
flow with guaranteed QoS. Hence, it is necessary to find a CR

for determining an intended receiver or an intended sender in
RSVP branch path rerouting process.
When an MN moves into a neighboring AR coverage area at
soft handoff, it attempts to reserve resources in advance in order
to keep an on-going RSVP flow with guaranteed QoS. When an
MN is a sender, a new AR intercepts an RESV message sent by
the intended receiver (CR), and in turn completes resource allocation over wireless link. Thus, an end-to-end reservation is
successfully established. When an MN is a receiver, a new AR
(on behalf of an MN) responds with a RESV message after receiving a PATH message. Next, a new AR also has to perform
the resource allocation over wireless kink to aid RSVP reservation process. During this resource reservation phase, the packets
are still delivered through the path reserved previously via the
old AR.
Meanwhile, there exist three possible scenarios in radio resource allocation. First, radio resource reservation request for
an MN is accepted without any effect on the QoS of other MNs
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in the same AR coverage area. Second, the reservation request
is rejected due to the sharing of the wireless link reaching its
full capacity. Third, the reservation request is accepted with
poorer QoS for other MNs due to heavy sharing of the channel’s
bandwidth. Typically, when a network resource is overloaded,
it is preferable to keep reservations of the previously established flows, while blocking new RSVP requests. Therefore, the
reservation requests in connection with RSVP handoff flows
should be given higher priority than new requests when performing resource reservation. In this section, we propose a dynamic resource allocation scheme during RSVP resource reservation over wireless link. This scheme is eventually able to give
a statistical guarantee on the handoff success of on-going flows.
A. Model Description
In IntServ-enabled RANs with service classes such as guaranteed service (GS) and controlled-load service (CLS), a cell
might accept GS, CLS, and best effort (BE) flows. Moreover, a
BS (or AR) typically has to perform explicit radio resource allocation and exercise admission control between these service
classes, and eventually provide end-to-end QoS provisioning.
In order to provide QoS guarantees to the GS class, it is necessary to reserve an amount of bandwidth. It is also required to
effectively balance bandwidth sharing between the various service classes in order to minimize service degradation as much
as possible.
The proposed model has infinite waiting queue for both CLS
and BE handoff flows and guard channels for GS handoff flows.
We also allow BE flows to overflow over the region assigned
for GS flows with the risk of being preempted by the newly arriving GS flows. We assume the presence of control channels
to manage the queue for both CLS and BE flows between the
control unit (located in the AR) and MN. Basically, BE service
should provide bandwidth fairness to TCP flows so that each
TCP flow can get fair amount of bandwidth during periods of
congestion. Typically, it is much natural that BE flows are considered at packet level.
For the simplicity of analysis, however, we here assume a
BE flow has unit bandwidth and just see the flows at call level.
We can estimate the congestion of each BE flow with the mean
system (waiting) time of flows. If BE flows are preempted and
then queued at call level, some BE flows may not receive any
bandwidth for large time periods. From the real TCP point of
view over wireless link, this kind of disconnection periods can
be of the order of several seconds causing packet loss or delay in
the transmission of acknowledgment of received packets. This
disconnection results in the TCP sender timing-out and closing
its congestion window and, thus greatly reducing the efficiency
of the connection. In order to ensure that the TCP connection to
a mobile is efficient, it is necessary to prevent the sender from
shrinking its congestion window when packets are lost due to
disconnection. Furthermore, it is important to ensure that, when
the mobile is reconnected, it begins receiving data immediately.
The proposed dynamic allocation scheme for efficient bandwidth utilization can also be described as follows.
• When an MN with GS flows attempts to reserve resource
via a new AR at soft handoff, the GS new (handoff) flows
can use up to the given wireless channel bandwidth limits

Fig. 16.

Resource allocation diagram for numerical model.

with the preemptive priority over BE flows in any coverage area.
• Moreover, the GS handoff flows can use exclusive guard
channels in the GS bandwidth region for the purpose of
minimizing the forced termination. If there is no idle
bandwidth in the region reserved for GS flows in heavily
crowded AR coverage area during a soft handoff, RSVP
resource reservation via this AR fails and, thus, the GS
handoff request is just dropped. Hence, it is natural to
give a statistical guarantee on the GS handoff success in
wireless environments.
• The remaining bandwidth channels except for the regions
reserved for GS flows in a cell are dedicated to both CLS
and BE flows. Furthermore, CLS handoff flows also have
preemptive priority over BE flows existing already in dedicated region, and BE flows preempted by the arriving GS
flows and CLS handoff flows in a cell are queued in the
infinite queue to wait for service instead of being cleared.
• However, CLS handoff flows are also queued if there is no
existing BE flow to be preempted and queued. If there is
any flow waiting for service in the queue, both originating
CLS flows and BE flows are blocked.
B. Numerical Model
In the numerical model, we assume that service classes are
classified into GS and BE for simplicity of mathematical analysis. We assume that a total capacity of cell is divided by basic
bandwidth units (BBUs), where BBU corresponds to a logical
channel. We also assume that a BE flow has one BBU for the
convenience of the comparison, the GS flow requires BBUs
, and all BBUs assigned to a GS flow are occupied and
is the number of BBUs reserved for the
released together.
new GS flows and - is the number of BBUs reserved for
the GS handoff flows (see Fig. 16). We assume that the overall
wireless cellular system is homogeneous, i.e., all cells are statistically identical. Therefore, we can analyze the overall system
by focusing on only one cell and consider the statistical behavior
of this focused cell under the condition that all the neighboring
cells exhibit typical random independent behavior.
We assume that the GS class and the BE class flows arrive
for a
according to a Poisson process with mean arrival rate
), and that service time is exponentially distype flow (
for a type (
)
tributed with mean service time of
flow. Then, the system can be modeled as a two-dimensional
, where
Markov process, characterized by
and
are the numbers of BE and GS flows in the system
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at time , respectively. In addition, the state space is represented
by the set
, where
denotes the greatest integer smaller than or equal to . Also, the
be
steady-state probability that the system is in state
. The steady-state probability vector (ordered lexi, where
cographically) is then partitioned as
.
for
The vector is the solution of equations
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is solved

Next, the probability vector
from the equations

(6)
where the matrix

is a generator

given by

(7)
(1)
where and 0 are vectors of all ones and zeros, respectively,
and is the transition rate matrix of the Markov process. We
can obtain the transition rate matrix of the Markov process
(whose transition matrix is of the block-partitioned form) for the
proposed model, which can be formulated as quasi-birth-anddeath processes (QBDs) [22]

(2)

The solution is then obtained by a two-step process: First,
is determined by iterative substitution in
the rate matrix
(4). Second, once is known, the boundary probabilities are
determined by solving a system of linear equations. If the
for the boundary probabilities is
dimension of the matrix
large, the direct solution of the linear system (6) is difficult
to provide the desired accuracy. An alternative technique
using decomposition can be applied to reduce the dimension.
and the boundary probabilities have been
Once the matrix
computed, the performance measures are easily obtained.
C. Performance Measures
The probability that bandwidth reservation request for a originating GS flow fails is
(8)

where the submatrices are defined for ,
and
by
which, using (5), is easily reduced to
if
if
if
if
otherwise

and
and

if
otherwise
if
and
if
and
otherwise

(3)

is the value that makes the sum of the row elements
where
of to be equal to zero.
To solve (1) with this transition rate matrix , we apply the
Neuts’ theorem [20] to the matrix . Let us first consider the
stability of the system. The system is stable when the Markov
, where is
process is positive recurrent, i.e.,
. Intuitively, the
the stationary probability vector of
. Next, we detersystem is stable under the condition
mine the minimal nonnegative matrix of the matrix equation
(4)
by iteration. The steady-state probability vector
given by

is
(5)

(9)
denotes the function of
, and
denotes
where
the sum to the th element from the th element of the vector in
the bracket.
The handoff failure probability of a GS flow is the probability
that an arriving GS handoff request sees all the bandwidth channels assigned for GS handoff flows in a cell busy, and thereby
the BS fails to reserve an amount of wireless bandwidth required
to keep going with QoS guarantee. This metric should be minimized to give statistic QoS guarantee. It is given by

(10)
The forced termination probability of a GS flow, PFT is the
probability that a GS flow initially accepted is interrupted due
to bandwidth reservation failure over wireless link by handoff
during its lifetime. We just consider GS new flows. A GS new
flow is initially accommodated by a cell and then managed with
priority so as not to be terminated due to bandwidth reservation
be the probafailure over wireless link during handoff. Let
bility that a GS flow currently served by a cell requires another
handoff request which is accommodated by neighboring cells.
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Similarly, let
denote the probability that the call requires another handoff request which fails. Then, using the Markovian
properties of the model, we determine
(11)
(12)
is average session duration time of GS flow and
is
where
average bandwidth channel holding time of GS flow.
Now, let us focus on a GS new flow that is initially accommodated by a cell. When this flow leaves the service of a cell, it
can be forced into termination by bandwidth reservation failure
over wireless link. Thus, the probability that a GS flow currently
accommodated by a cell is forced into termination is
(13)
Now, we can consider the average system time (i.e., the sum of
queueing time and service time) of BE flows. The mean number
of a BE flow in a cell is
(14)
which is, also using (5), reduced to

(15)

Fig. 17.

Forced termination probability for GS flow.

Because a GS flow requires
a cell is given by

(20)
To measure the combined QoS of the BE and GS flows, we
for BE and GS flows. Maximizacan get the quality factor
amounts to minimizing of the forced termination
tion of
probability of GS flow and the waiting delay of BE flow.
factor can be defined by

In addition, the blocking probability of BE flows in a cell is

(21)
where
tween

(16)
Therefore, the mean system time for the BE flows from Little’s
formula is
(17)
Another important system performance is carried traffic. For
a given number of channels, a large carried traffic value implies efficient use of bandwidth. Carried traffic per GS flow in
a cell
and carried traffic per BE flow
can be easily
calculated once the state probabilities are determined. They are
simply the average number of occupied channels per flow, can
be as given by

(18)
(19)

BBUs, the total carried traffic in

is an weighted factor to adjust the difference beand
.

D. Examples and Discussions
For dynamic resource allocation scheme for RSVP reservation over wireless link, in this section, we present analytical results for an example of a system with both
and
flows.
The total bandwidth units of each cell are 6. In each cell, the
number of bandwidth units assigned for GS handoff flows and
,
,
GS new flows are 2 and 4, respectively. That is,
, and
. In this situation, a BE flow can overflow
to the region assigned for GS flows if the number of GS flows
in use is less than 4. A GS new flow request will be rejected if
the number of GS flows in use is equal to 2. The arrival rate of
GS flows varies from 0.0003 to 0.005 (flows/s). The arrival rate
of BE flow is kept constant at 11 Erlangs. The average channel
holding time of GS flows in each cell is 200 s.
When the arrival rate of GS new flows in a cell increases to
the limit, they might be early blocked for the purpose of improving the quality of service by reducing the input traffic load.
flows.
Fig. 17 shows the forced termination probability of
The exclusive guard bandwidth channels can control the forced
termination of GS handoff flows at reasonable level. Hence, the
statistical guarantee of handoff success of GS flows can be obtained and, thus, this can provides reasonable QoS guarantee of
GS handoff flows.
flows. In this
Fig. 18 shows the mean service time of
figure, the arrival rate of BE flows is kept constant at 11 Erlang,

MOON AND AGHVAMI: QoS MECHANISMS IN ALL-IP WIRELESS ACCESS NETWORKS

887

Program of the Virtual Centre of Excellence in Mobile and Personal Communications, Mobile VCE (www.mobilevce.com),
whose funding support, including that of EPSRC, is gratefully
acknowledged. More detailed technical reports on this research
are available to Industrial Members of Mobile VCE.

REFERENCES
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Mean service time of BE flows.
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