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Abstract
Though Connection Admission Control (CAC) in wireless networks has been studied extensively, the heterogeneous
structure of Next Generation Wireless Systems (NGWS) makes CAC very complex. Accessibility of the subsystems at
the time of connection or handoﬀ request, availability of resources in the subsystems, user preferences, and connection
class need to be considered in admission control. In this paper, we ﬁrst give a general CAC algorithm for NGWS. We also
propose the ﬁrst analytical model in the literature for CAC in NGWS. We point out the major challenges in modeling for
NGWS and propose a neat solution to calculate state probabilities in a reasonable way even as the state space proliferates.
 2006 Elsevier B.V. All rights reserved.
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1. Introduction
Aiming to provide high bandwidth access anytime/anywhere, Next Generation Wireless Systems
(NGWS) merge multiple subsystems with diﬀerent
access technologies. Though similar objectives are
pursued in the design of existing PCS, satellite,
and WLAN systems, these systems fail to satisfy
q
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all of the requirements simultaneously due to constraints like global coverage, indoor/outdoor communications, and frequent handoﬀs. Since it is not
likely that emerging new technologies will be able
to provide continuous coverage, NGWS will utilize
multiple wireless systems (and the new technologies
to come) as subsystems in order to provide high
bandwidth access everywhere. PCS, WLAN, and
satellite systems as well as new technologies like
4G Mobile and WiMAX are examples of the subsystems in NGWS. The basic properties of NGWS
will be as follows:
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• end-to-end packet-based service, including the air
interface,
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• support for voice, multimedia, and data traﬃc
with QoS provisioning,
• backbone traﬃc of NGWS carried over the
Internet.
In [1,2], a cell design methodologies for the optimal
design of multitier cellular systems are proposed.
The use of intelligent networks for mobility and
internetworking is discussed in [3]. In [4], Zeng
et al. discuss emerging technological trends in PCS
systems. Key issues about IMT-2000 are discussed
from the perspective of the service provider in [5].
Integration of cordless and cellular systems in 3G
systems is discussed in [6].
In the literature, there are several proposals for
the NGWS architecture under diﬀerent names
including 4G, All-IP, Beyond-3G, and BeyondUMTS. In [7,8], diﬀerent NGWS architectures are
described with a focus on the possible driving forces
for the deployment of these networks. NTT
DoCoMo proposes an NGWS architecture, which
is an extension of current 3G architecture [9]. A
next generation wireless communication architecture that is comprised of old and new wireless communication standards has been presented in [10].
Telefonica’s NGWS architecture is composed of
WLANs, cellular networks, personal area networks,
and distribution networks organized in a layered
structure [11]. In the Wine Glass Project, [12],
WLANs and UMTS are merged into a next generation wireless network. Furthermore, Siemens [13]
adopts 3GPP’s IP Based Multimedia System
(IMS) speciﬁcations [14] and deﬁnes its own next
generation wireless network architecture. Integrating multiple subsystems into one NGWS brings
many challenges ranging from interworking among
inherently diﬀerent wireless subsystems to QoS provisioning [12,15]. The selection of the subsystem for
connection establishment and handoﬀ is a key factor in the performance of NGWS. The Global
Mobile Broadband System (GMBS) described in
[16] aims to include GPRS, UMTS, WLAN, and
satellite-based systems. Although certain characteristics of these proposals are common, they are independent of each other in terms of architecture and
operation.
In this paper, ﬁrstly we give a general Connection
Admission Control (CAC) scheme for NGWS. We
aim to propose a universal scheme in the sense that
it does not depend on the number and type of subsystems included in NGWS. Then, we present an
analytical model for the admission control scheme.
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This is the ﬁrst analytical model for NGWS in the
literature to the best of our knowledge. The complexity of NGWS also creates signiﬁcant challenges,
especially in terms of the size of the state space. We
demonstrate these challenges, and develop a neat
solution that calculates state probabilities for the
case where the system is under high load. We present extensive results from our tests. Our aim in this
paper is to develop an analytical model for NGWS
and demonstrate how the challenges in the size of
the state space can be overcome rather than evaluate
the performance of a speciﬁc algorithm. We hope
that this model will serve as a tool for researchers
in the ﬁeld to analytical evaluate their proposed
schemes.
The remainder of this paper is organized as follows. In Section 2, the NGWS network architecture is deﬁned. The connection admission control
scheme is detailed in Section 3. The analytical model
of Connection Admission Control is given in
Section 4. The numerical results are explained in
Section 6. Finally, Section 7 concludes this paper.
2. Network architecture
NGWS will be composed of multiple subsystems
of diﬀerent types. Each subsystem will serve as an
access network to the users. Since the service areas
of the subsystems overlap, the mobile terminals,
MT, will have access to multiple subsystems simultaneously. WLANs, PCS, satellite systems, and their
future variations together with new wireless systems
like 4G Mobile are candidates as subsystems. Our
NGWS architecture is ﬂexible and allows all or a
subset of these subsystems to be a part of NGWS.
We deﬁne NGWS as the tuple
NGWS ¼ ðS; HRÞ;

ð1Þ

where S ¼ fwl; pcs; sa; 4g; . . .g is the set of subsystems, and HR is the global home register for all
subsystems s 2 S. In Eq. 1, wl, pcs, sa, and 4g
correspond to WLAN, PCS, Satellite, and 4G
Mobile subsystems, respectively. Note that the set
S can be expanded as needed to include other types
of wireless subsystems. Such additions will not aﬀect
our admission control scheme.
Each subsystem has its own cellular infrastructure. For each subsystem, numerous access nodes
are deployed to cover the service area, sometimes
partially. The access node is the base station in
PCS subsystem, access point in WLAN, transponder
in satellite subsystem, etc. We denote the ith access

3468

T. Tugcu et al. / Computer Networks 50 (2006) 3466–3484

node of subsystems s as bsi . For a given access node
bsi , we deﬁne its cell as the set of locations from which
it is possible to communicate with that access node.
Thus, each subsystem s splits the service area into
cells. Clearly, there is a one-to-one correspondence
between the cells and access nodes. We use the term
access node for the device that provides access for
MTs and cell for the set of locations served by the
same access node. The size, shape, and location of
the cells depend on the location and power of the
access node, and the terrain. Therefore, the cellular
layouts of the subsystems diﬀer.
We state above that NGWS will provide various
types of services such as voice, video, and multiple
types of data. We denote the set of connection
classes as
C ¼ fvoice, video, low bandwidth data,
high bandwidth data, . . .g.
Each type of connection class has diﬀerent requirements ranging from bandwidth to end-to-end
latency. For the sake of simplicity, we consider only
the bandwidth requirement and assume that reasonable values for the other requirements can be
achieved if enough bandwidth is provided. We denote the bandwidth requirement of a class k connection as bw(k).
The overlaid structure of NGWS implies that
MT has access to multiple subsystems simultaneously. MT knows the set of subsystems it can
access by scanning the pilot signals from the access
nodes. The selection of the subsystem s for connection establishment depends on several factors:
• Subsystem accessibility: The pilot signal of subsystem s must be strong enough for communication.
• Resource availability: The load of access node bsi ,
lsi , must not exceed the capacity of bsi , csi , if the
request is admitted.
• Service class and user preferences: The user is able
to indicate which subsystem he1 prefers for each
connection class. We denote the probability that
MT prefers subsystem s for a connection of class
k as p(k, s) where k 2 C.
In NGWS, there is a home register HR that
serves all subsystems in mobility and connection

1

Throughout this paper, ‘‘he’’ should be read as ‘‘he or she’’,
‘‘his’’ as ‘‘his or her’’, etc.

management. The home register resides outside the
subsystems, as a node in the Internet (Fig. 1). The
function of HR is to store static and dynamic information about all registered users. HR has a diﬀerent
interface for each type of subsystem and acts as the
home agent for WLAN networks, as the HLR for
the PCS networks, etc.
An example conﬁguration of NGWS consisting
of satellite, PCS, and WLAN subsystems is depicted
in Fig. 1. The service area is covered with overlapping cells of diﬀerent subsystems. The coverage area
of the subsystems may be discontinuous, as in the
case of WLAN. Thus, the set of subsystems to
which a mobile terminal can access at a given
moment varies. Each subsystem has its own local
register, LR, and the backbone traﬃc between the
subsystems is carried over the Internet. The global
HR serves all subsystems.
In current wireless systems, the central location
register is queried for the user information with
the user’s speciﬁc address as the index. The mobile
phone number in PCS systems, and the home
address in Mobile IPv6 are used for addressing the
user in the corresponding systems. In NGWS, the
information about a user can be retrieved from
the home register by using the user’s next generation
user address (NGUA) as the index. NGUA is the
only address visible to the human users, independent of the subsystem in which the mobile terminal
resides. It is the responsibility of HR to translate the
NGUA speciﬁed by the caller party to the address
(e.g., phone number, home IP address, etc.) in the
relative subsystem.
3. Next generation connection admission control
(NGCAC) scheme
In a wireless network, it is the connection admission control scheme that decides whether connection and handoﬀ requests will be accepted. For
new connection requests, NGWS must select the
appropriate subsystem for connection establishment. Furthermore, the mobility of a user may
require changes in the use of wireless resources,
resulting in a handoﬀ attempt for the user. It is
the duty of the Next Generation Connection Admission Control (NGCAC) scheme to manage the connection requests and handoﬀ attempts in a way that
maximizes network utilization, minimizes outage,
and distributes the load between subsystems.
The connection admission control scheme is
triggered in three cases:
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Fig. 1. An example interconnection of subsystems in NGWS.

• Outgoing connection request: When a user
initiates a connection request.
• Incoming connection request: When a remote
(mobile or ﬁxed) user initiates a connection
request destined at the mobile user.
• Handoﬀ request: When a mobile user with an
active connection crosses a cell boundary.

the vicinity, and the information exchange is performed over abundant wired links, this overhead
is negligible. l0tj may not be exactly up-to-date, but
since load in a cell does not ﬂuctuate wildly, l0tj will
be reasonably close to ltj . We denote the new load of
bsi if request rq is accepted as ^lsi ðrqÞ. We also denote
the load of btj , based on the recorded value l0tj , if rq is
t
accepted as l^0 ðrqÞ.
j

3.1. Problem statement and proposed solution
Since MT has access to multiple subsystems
simultaneously, NGWS must select one of the subsystems for connection. Among the accessible subsystems, one subsystem that can accommodate the
connection request will be selected, subject to
connection class and user preferences.
We deﬁne the vicinity of bsi as
t
fbj jt 6¼ s and bsi \ btj 6¼ ;g;
and call all access nodes in the vicinity as neighbors.
Each access node bsi periodically transmits its load
information lsi to all of its neighbors, and also keeps
record of their loads. We denote the recorded value
of ltj at access node bsi as l0tj . Since the load information is exchanged between only a few access nodes in

With each connection or handoﬀ request rq, we
associate an ordered list of accessible access nodes
in which ordering criteria is the user’s preferences
for the connection class of rq. We denote the
ordered list of access nodes speciﬁed in request rq
as Lac ðrqÞ. For outgoing connection setup and
handoﬀ requests, MT sends the request to the ﬁrst
access node, bsi , in Lac ðrqÞ. However, for incoming
connections the initiator (caller) is a remote node
that is not aware of the subsystems accessible by
MT, availability of the resources in the subsystems, and user preferences for MT. Furthermore,
the paging process, which precedes connection
establishment, need not be done through the subsystem over which the connection will be established. Therefore, we propose that in the paging
reply message, MT speciﬁes Lac ðrqÞ to be used in
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connection admission. Then, connection establishment is performed over the ﬁrst access node, bsi , in
Lac ðrqÞ. Since Lac ðrqÞ contains the identiﬁers of a
few access nodes, its overhead is negligible.
When bsi receives request rq, either directly from
MT or from a remote node, it checks if the request
can be accommodated. If ^lsi ðrqÞ remains below
capacity csi , bsi accepts the request, establishes the
connection, and makes the necessary resource allocations. On the other hand, if ^lsi ðrqÞ exceeds csi , bsi
contacts, on behalf of MT, all access nodes btj in
Lac ðrqÞ for which l^0 tj ðrqÞ 6 ctj . If there exists an
access node btj in Lac ðrqÞ that can accommodate
request rq, the request will be transferred to btj ,
and the connection will be established over that
access node. On the other hand, if l^0 tj ðrqÞ > ctj for
all btj in Lac ðrqÞ, request rq will be rejected. In this
case, MT may either call oﬀ the request or revise
the connection class (connection requirements) and
resubmit it as a new request. The algorithm for
the proposed scheme is presented as a ﬂowchart in
Fig. 2.
An example scenario is depicted in Fig. 3 with
three subsystems, sa, pcs, and wl. Although the service area is covered by three subsystems, there are
holes where no signal is received from one or more
subsystems. Let us assume MT’s subsystem preference decreases in the order wl, pcs, and sa. MT initiates a connection at point A where it has access to
all subsystems, and selects wl according to user preferences. As it moves on its trajectory, it encounters
an intra-subsystem handoﬀ between two WLAN
cells at point B. At point C, MT enters a hole in
the WLAN cell where access to wl is lost. Therefore,
MT encounters an inter-subsystem handoﬀ at point
C, from wl to pcs, preferring pcs over sa. MT gets
out of the hole at point D, but it will keep communicating over pcs until it reaches point F. At point F,
MT leaves the PCS cell, so it will encounter another
inter-subsystem handoﬀ from pcs to sa. Finally, at
point G, MT successfully completes its connection.
4. Analytical model of NGCAC scheme
In the analysis of wireless systems, the service
area is typically split into cells since the partitioning
criteria is the access node that controls the area.
However, in the case of NGWS, cellular granularity is too coarse to deﬁne a partition since there
are multiple subsystems serving the same service
area. Therefore, in our model, the service area is

partitioned into smaller regions we call physical
areas.
4.1. System deﬁnition
Let B be the set of all access nodes in all subsystems in the service area X. We denote the set of all
subsets of B as A ¼ 2B . We deﬁne ~b : X ! A such
that ~bðxÞ is the set of all access nodes reachable from
location x. This mapping introduces an equivalence
relation  on X such that x1  x2 if ~bðx1 Þ ¼ ~bðx2 Þ.
We call the elements of A as areas. For every
area a 2 A, we deﬁne a physical area a  X as
a ¼ fx 2 Xj~bðxÞ ¼ ag.
It is clear that physical areas are the blocks of the
partition induced by ‘‘  ’’. Furthermore, since there
exist some a 2 A for which a ¼ ;, it can be shown
that if a1 ¼ a2 6¼ ;, then a1 = a2.
We ﬁnd it more convenient to work with areas
rather than with physical areas since it reduces the
complexity of the description of the model. We call
the areas for which corresponding physical areas are
non-empty as eﬀective areas. For obvious reasons,
we are interested only in the eﬀective areas. The
upper bound
 on
 the number of eﬀective areas is
jBj
where K is the maximum number
given by
K
of access nodes reachable from one location.2 The
partitioning of the service area and the relationship
between areas and cells according to the coverage in
Fig. 3 is shown in Fig. 4. The number of area crossings on the trajectory of MT provides a reasonable
explanation for not initiating a handoﬀ procedure
to the most preferred access node at every area
boundary.
For each area ai, we have the following:
• nai ðtÞ: Number of users in area ai at time t.
• V kaj ;ai ðtÞ: Migration rate of a class k connection
from area aj to ai at time t. Hence, the number
of class k migrating from aj to ai during the time
period s is equal to
Z tþs
naj  V kaj ;ai ðtÞdt.
t

• rkai ðtÞ: Connection generation rate of class k
connections in area ai at time t.

2

From this point on, we will use the term area in the sense of
eﬀective area.
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Mobile user
makes connection
request rq
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Active MT moves out
of current cell and makes
handoff request rq

Connection request rq
is made from remote
source to MT

MT selects access node b s
i
wrt signal levels, connection
class, and user preferences

s
b i checks
s
if l (rq) <= c s
i
i

MT revises its request,
and submits as a new
request

s
b i sets up
connection
for MT

T

F
s
t
b i finds next neighbor b j in
t
(rq) such that l ’(rq) j <= c t
ac
j
T

s
bi offers
negotiation
to MT

F

Is there
t
such b j ?

T
F

Connection
request is
blocked

s
t
b i updates l j’ info

s
t
b i asks b j if
it can accomodate request
t
( b j checks if
t
t
l (rq) j <= cj )

F

T

t
b j sets up
connection
for MT

Fig. 2. The algorithm of the connection admission control scheme.

Fig. 3. Connection admission scenario.
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Fig. 4. An example partitioning of the service area.

• f(ai, k, t): Connection proﬁle of class k connections in area ai at time t, i.e., the distribution of
class k such as 0.60 for voice, 0.10 for multimedia, 0.30 for data.
• p(ai, k, s, t): Probability that a user in area ai with
a class k connection prefers subsystem SSs at
time t.
We denote the number of active connections of class
k communication with access node b in area a as
xka ðbÞ. The state of the system is any particular distribution of values taken by the variables xka ðbÞ. Thus,
the state of the system is the tuple
3
2 1
x1 ð1Þ;
x11 ð2Þ;    ; x11 ðjBjÞ
7
6 2
6 x1 ð1Þ;
x21 ð2Þ;    ; x21 ðjBjÞ 7
7
6
7
6 
7
6
7
6 jCj
6 x ð1Þ; xjCj ð2Þ;    ; xjCj ðjBjÞ 7
1
1
7
6 1
7
6 1
1
1
7
6 x2 ð1Þ;
x
ð2Þ;



;
x
ðjBjÞ
2
2
7
6
7
6
7
6 
7
6
jCj
jCj
jCj
6
ð2Þ
g ¼ 6 x2 ð1Þ; x2 ð2Þ;    ; x2 ðjBjÞ 7
7.
7
6
7
6
..
7
6
.
7
6
7
6
..
7
6
7
6
.
7
6
6 x1 ð1Þ; x1 ð2Þ;    ; x1 ðjBjÞ 7
7
6 jAj
jAj
jAj
7
6
7
6 
5
4
jCj
jCj
jCj
xjAj ð1Þ; xjAj ð2Þ;    ; xjAj ðjBjÞ

XX

wðkÞ  xka 6 csi

a2A k2C

since the same wireless resources are shared by all
areas covered by the same cell. Therefore, many
states in the state space are never visited.
4.2. Elementary events
There are various elementary events that cause
the system to switch from one state to another.
Keeping in mind that a state of the system is a mapping as given by Eq. 3, each elementary event causes
a change in the mapping at one or two points. For
example, let us assume that the current state of
the system is deﬁned by the mapping gi, and access
node b accepts a new connection request of class k
from area a. This new connection causes gi ðxka ðbÞÞ
to be incremented by one, deﬁning a new mapping
gj. In Fig. 5, an example in which x15 ð2Þ is incremented due to a new connection. Two mappings,
gi and gj are the same except at the point marked
with an arrow.
The elementary events are classiﬁed under three
groups as follows.

g
i
g
j

The state can also be represented as a mapping
g : X ! N [ f0g;

ð3Þ

where X ¼ fxka ðbÞg. Thus, a state is any particular
distribution of values taken by individual xka ðbÞ.
We denote the set of all states as G.
Although each variable xka ðbsi Þ can assume values
up to the capacity of corresponding access node bsi ,
we have

x11(1)

x51(1)

x52(1)

x51 (2)

x52(2)

x51(3)

x52(3)

Fig. 5. State transition due to a new connection of class 1 from
area a5 over access node 2.
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4.2.1. New connection events
4.2.1.1. Outgoing new connection. MT initiates a new
connection request of class k in area a, and sends
request rq directly to bsi , the ﬁrst access node in
Lac ðrqÞ.
• Direct outgoing new connection:
In this case, bsi accepts rq since ^lsi ðrqÞ does not
exceed csi . The system will switch from state gi
to gj such that two states diﬀer only at xka ðbsi Þ:
gj ðxka ðbsi ÞÞ ¼ gi ðxka ðbsi ÞÞ þ 1.
• Indirect outgoing new connection:
In this case, bsi cannot accommodate rq since
^ls ðrqÞ exceeds cs . bs checks Lac ðrqÞ for the ﬁrst
i
i
i
access node btj such that l^0 tj ðrqÞ 6 ctj . Note that,
subsystems s and t may be equal or not. Thus,
rq is redirected to btj for connection setup. The
system will switch from state gi to gj such that
two states diﬀer only at xka ðbtj Þ:
gj ðxka ðbtj ÞÞ ¼ gi ðxka ðbtj ÞÞ þ 1.

4.2.1.2. Incoming new connection. MT receives a
paging request from a remote source for a class k
connection while in area a. MT speciﬁes Lac ðrqÞ
in the paging reply, and the source initiates the
connection setup procedure over bsi , the ﬁrst access
node in Lac ðrqÞ.
• Direct incoming new connection:
In this case, bsi accepts rq since ^lsi ðrqÞ does not
exceed csi . The system will switch from state gi
to gj such that two states diﬀer only at xka ðbsi Þ:
gj ðxka ðbsi ÞÞ ¼ gi ðxka ðbsi ÞÞ þ 1.
• Indirect incoming new connection:
In this case, bsi cannot accommodate rq since
^ls ðrqÞ exceeds cs . bs checks Lac ðrqÞ for the ﬁrst
i
i
i
access node btj such that l^0 tj ðrqÞ 6 ctj . Note that,
subsystems s and t may be equal or not. Thus,
rq is redirected to btj for connection setup. The
system will switch from state gi to gj such that
two states diﬀer only at xka ðbtj Þ:
gj ðxka ðbtj ÞÞ

¼

gi ðxka ðbtj ÞÞ

þ 1.

4.2.2. Migration events
4.2.2.1. Intra-cell movement. In this case, MT with an
active connection of class k over access node bsi , in
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area au moves to area av, which is covered by the
same access node. Therefore, handoﬀ will not occur,
but the system will switch from state gi to gj such that
two states diﬀer only at xkau ðbsi Þ and xkav ðbsi Þ:
gj ðxkau ðbsi ÞÞ ¼ gi ðxkau ðbsi ÞÞ  1;
gj ðxkav ðbsi ÞÞ ¼ gi ðxkav ðbsi ÞÞ þ 1.
4.2.2.2. Intra-subsystem handoﬀ. In this case, MT
with an active connection of class k over access node
bsi , in area au moves to area av, which is covered by
bsj but not by bsi . Therefore, MT encounters a handoﬀ from bsi to bsj , within subsystem s. The system will
switch from state gi to gj such that two states diﬀer
only at xkau ðbsj Þ and xkav ðbsj Þ:
gj ðxkau ðbsi ÞÞ ¼ gi ðxkau ðbsi ÞÞ  1;
gj ðxkav ðbsj ÞÞ ¼ gi ðxkav ðbsj ÞÞ þ 1.
4.2.2.3. Inter-subsystem handoﬀ. In this case, MT
with an active connection of class k over access node
bwz , in area au moves to area av, which is not covered
by any access node of subsystem w. To continue
uninterrupted service, MT sends a handoﬀ request
directly to bsi , the ﬁrst access node in Lac ðrqÞ.
• Direct inter-subsystem handoﬀ:
In this case, bsi accepts rq since ^lsi ðrqÞ does not
exceed csi . The system will switch from state gi
to gj such that two states diﬀer only at xkau ðbwz Þ
and xkav ðbsi Þ:
gj ðxkau ðbwz ÞÞ ¼ gi ðxkau ðbwz ÞÞ  1;
gj ðxkav ðbsi ÞÞ ¼ gi ðxkav ðbsi ÞÞ þ 1.
• Indirect inter-subsystem handoﬀ:
In this case, bsi cannot accommodate rq since
^ls ðrqÞ exceeds cs . bs checks Lac ðrqÞ for the ﬁrst
i
i
i
access node btj such that l^0 tj ðrqÞ 6 ctj . Note that,
subsystems s and t may be equal or not. Thus,
rq is redirected to btj for handoﬀ. The system will
switch from state gi to gj such that two states
diﬀer only at xkau ðbwz Þ and xkav ðbtj Þ:
gj ðxkau ðbwz ÞÞ ¼ gi ðxkau ðbwz ÞÞ  1;
gj ðxkav ðbtj ÞÞ ¼ gi ðxkav ðbtj ÞÞ þ 1.

4.2.3. Hangup event
In this case, MT with an active connection of
class k in area a over access node bsi terminates the
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connection voluntarily. The system will switch from
state gi to gj such that two states diﬀer only at xka ðbsi Þ:

4.4. Transition probabilities

gj ðxka ðbsi ÞÞ ¼ gi ðxka ðbsi ÞÞ  1.

Transitions between states occur when MT initiates connections, moves in the service area, and
hangups. Due to the complexity of the NGCAC
scheme, we examine each case separately.

4.3. Transition graphs
We introduce transition graphs to explain how
the next state is found if the present state is given.
There is an individual graph C(e, s) for every elementary event e and every subsystem s. All transition graphs have the same vertex set G, the set of
all states. The set of arcs, V, depends on e and s.
We deﬁne the set of graphs associated with event e
as Ce : G; V; e; S. The number of states adjacent
to a given state is of the order of jXj.
We explain the transition graphs with an example in which subsystems s1, s2, and s3 are accessible
in area a. The received signal levels from the
access nodes of these subsystems will be diﬀerent
at every point in a. We denote the probability that
the received signal from the access node of subsystem sn is the strongest for any randomly selected
user in area a as qn. We examine the transition
graph for the outgoing new connection event.
Depending on the state, we have the {s1, s2, s3},
{s1, s2}, {s1, s3}, {s2, s3}, {s1}, {s2}, {s3}, and ;
cases where {x, y, z} represents the case that corresponding cells of the subsystems x, y, and z have
enough resources, and ; represents the case that
none of the subsystems has enough resources.
The outgoing arcs in the transition diagrams that
correspond to the {s1, s2, s3}, {s1, s3}, and ; cases
are depicted in Fig. 6(a)–(c), respectively. In
Fig. 6(a) for the {s1, s2, s3} case, the ﬂow out of
gi due to outgoing new connections is split into
three according to the ratios q1, q2, and q3 toward
the states gj, gk, and gl. However, in Fig. 6(b) for
the {s1, s3} case, the ﬂow out of gi is split into two
3
1
according to the ratios q qþq
and q qþq
toward the
1
3
1
3
states gj and gl.

g
j

g
j
g
i

g
k
g
l

(a) s1 ,s2 ,s3 case

g
i

g
i

4.4.1. New connection events
4.4.1.1. Outgoing new connection
• Direct outgoing new connection:
The probability that a direct outgoing new connection attempt of class k occurs for access node
b is
X
fra ðtÞ  f ða; k; tÞ
P no ðb; k; DtÞ ¼ Dt 
a2AðbÞ

 na ðtÞ  pða; k; sðbÞ; tÞg þ oðDtÞ;
ð4Þ
where AðbÞ is the set of areas constituting the cell
of access node b, ra(t) is the connection generation rate of all connection classes in area a at time
t, and s(b) is the subsystem to which access node
b belongs.
• Indirect outgoing new connection:
The probability that an indirect outgoing new
connection attempt of class k occurs for access
node b is
X
Pe no ðb; k; DtÞ ¼ Dt 
fra ðtÞ  f ða; k; tÞ
a2AðbÞ

 na ðtÞ  aðbÞg þ oðDtÞ;
where
0
aðbÞ ¼

(c) ∅ case

Fig. 6. Outgoing arcs for state gi in the transition graph.

1

jBj
X

u
BX

u¼1
u6¼b

v¼1
v6¼b

B
@

 PjBj

C
Rk ðvÞ  pv C
A

pb

w¼1 p w 

ð6Þ

Pu

v¼1 pv

represents the total probability that MT prefers
other access nodes serving the same area, but
those access nodes cannot accommodate the request due to lack of resources, and Rk(v) is the
probability that access node v rejects a request
of class k, i.e.,

g
l

(b) s1 , s3 case

ð5Þ

(
k

R ðvÞ ¼ P

X X
k2C a2AðbÞ

)
xka ðvÞ

!
þ bwðkÞ > CðvÞ ;
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where C(v) is the capacity allocated to access
node v.
4.4.1.2. Incoming new connection
• Direct incoming new connection:
The probability that a direct outgoing new
connection attempt of class k occurs for access
node b is
X
P ni ðb; k; DtÞ ¼ Dt 
frka ðtÞ  na ðtÞ
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4.4.2.3. Inter-subsystem handoﬀ
• Direct inter-subsystem handoﬀ:
The probability that access node b receives a
direct handoﬀ request of class k from another cell
of another subsystem, s(b), is
X X X
V kaj ;ai ðtÞ
P inter ðb; k; DtÞ ¼ Dt 
aj 2A ai 2AðbÞ

c2B
sðcÞ6¼sðbÞ

 xkaj ðcÞ  pðaj ; k; sðbÞÞ þ oðDtÞ.
ð12Þ

a2AðbÞ

 pða; k; sðbÞ; tÞg þ oðDtÞ.

ð7Þ

• Indirect incoming new connection:
The probability that a direct outgoing new
connection attempt of class k occurs for access
node b is
X
Pe ni ðb; k;DtÞ ¼ Dt 
frka ðtÞ  na ðtÞ

• Indirect inter-subsystem handoﬀ:
The probability that access node b receives an
indirect handoﬀ request of class k from another
cell of another subsystem, s(b), is
X X X
Pe inter ðb; k; DtÞ ¼ Dt 
V kaj ;ai ðtÞ
aj 2A ai 2AðbÞ

a2AðbÞ

 aðbÞg þ oðDtÞ.

ð8Þ

Thus, the probability that a new connection
attempt of class k occurs for access node b is
P new ðb; k; DtÞ ¼ P no ðb; k; DtÞ þ Pe no ðb; k; DtÞ
þ P ni ðb; k; DtÞ þ Pe ni ðb; k; DtÞ
þ oðDtÞ.

ð9Þ

4.4.2. Migration events
4.4.2.1. Intra-cell movement. The probability that a
mobile that has an active connection of class k over
access node b moves from one area to another in the
same cell without changing its access node is
X X
P intra ðb; k; DtÞ ¼ Dt 
V kaj ;ai ðtÞ
aj 2AðbÞ ai 2AðbÞ
ai 6¼aj

 xkaj ðbÞ þ oðDtÞ.

ð10Þ

4.4.2.2. Intra-subsystem handoﬀ. The probability
that access node b receives a handoﬀ request of
class k from another cell in the same subsystem,
s(b), is
P intra ðb; k; DtÞ ¼ Dt 

X X

X

aj 2A ai 2AðbÞ

c2B
sðcÞ¼sðbÞ
c6¼b

 xkaj ðcÞ þ oðDtÞ.

V kaj ;ai ðtÞ

ð11Þ

c2B
sðcÞ6¼sðbÞ

 xkai ðcÞ  aðbÞ þ oðDtÞ.

ð13Þ

Thus, the probability that a handoﬀ attempt of
class k occurs for access node b is
P handoff ðb; k; DtÞ ¼ P intra ðb; k; DtÞ þ P inter ðb; k; DtÞ
þ Pe inter ðb; k; DtÞ þ oðDtÞ.
ð14Þ
4.4.3. Hangup event
The probability that MT terminates the connection voluntarily is
P hangup ðb; k; DtÞ ¼ Dt 

X

hka ðtÞ  xka ðtÞ

a2AðbÞ

 pða; k; sðbÞ; tÞ þ oðDtÞ;

ð15Þ

where hka ðtÞ is the rate at which class k connections
in area a hangup at time t.
5. Calculating state probabilities
5.1. Analytical approach
Analytically calculating the state probabilities for
such a complex system is a challenge on its own. The
state probabilities in our dynamic system can be
calculated by solving the eigenvalue problem of
the transition matrix.
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We denote the probability that the system is in
state gi at time t as Pi(t). Initially, the system starts
in state g0 in which there are no ongoing connections. Thus, P0(0), the probability of being in state
g0 at time 0, is equal to 1.0 while Pi(0) = 0.0 for
all other states gi. As time elapses, the elementary
events mentioned in Section 4.2 will occur, carrying
the system from state to state. This will cause the
state probabilities to change in time.
Though we do not know the system state exactly
at a given time, we can calculate the probability of
being in each state gi at time t, literally Pi(t). During
an inﬁnitesimally short time interval Dt, the system
may switch to/from gi due to an elementary event.
Therefore, Pi(t + Dt) will be diﬀerent from Pi(t).
The rate of change in state probability of gi during
Dt, P0i ðtÞ, is given by
!
X
X
0
Pi ðtÞ ¼ Pi ðtÞ  
kij þ
Pj ðtÞ  kji ;
ð16Þ
j6¼i

j6¼i

where kij is the rate of ﬂow from state gi to gj. kij
values are calculated using Eqs. (4)–(15) depending
on the state transitions triggered by each elementary
event.
In theory, when the system reaches equilibrium
we have
8gi 2 G

P0i ðtÞ ¼ 0.

ð17Þ

From Eq. 17, we derive a method to solve the state
probabilities with the assumption that the system is
in equilibrium. We use the power method, which is
an iterative process, for solving state probabilities.
In each iteration, probabilities converge to equilibrium state probabilities that correspond to the
eigenvector of largest eigenvalue of the transition
matrix.
In the power method, we start with an initial
probability vector that sums up to one. We represent the vector of state probabilities, i.e., the vector
composed of state probabilities of all states at time
t, as ½Pi ðtÞgi 2G . Then we start the iterations, correct-

ing the state probabilities with the assistance of the
transition matrix in each step. In each iteration we
evaluate new probabilities for the next iteration
according to Eq. 18. After suﬃcient iterations, state
probabilities converge to the steady state probabilities. We use the metric d in Eq. 19, to represent the
diﬀerence between two probability vectors:
P
j6¼i Pj ðtÞ  kji
P
;
ð18Þ
Pi ðtÞ ¼
j6¼i kij
dð½Pi ðtÞgi 2G ; ½Pi ðt þ DtÞgi 2G Þ
X
jPi ðtÞ  Pi ðt þ DtÞj.
¼

ð19Þ

gi 2G

We utilize metric d to analyze the convergence of the
state probability vector. While solving the system
numerically, iteration is stopped when d evaluated
between successive iterations is less than a threshold. In Eq. 19, d is the metric derived from ‘1-norm.
Here, we have two probability vectors, ½Pi ðtÞgi 2G
and ½Pi ðt þ DtÞgi 2G . We sum the absolute probability diﬀerence of all states in these probability vectors. Calculating d between identical vectors gives
zero due to non-degeneracy of the metric. The ﬁnal
probability vector in the last iteration is close to the
probability vector in equilibrium situation according to the metric in Eq. 19.
5.2. Challenges in analytical approach
The analytical model presented above provides a
tool to calculate state probabilities using the power
method. However, the size of the state space constitutes a major challenge. Any combination of values
for the tuple given in Eq. 2, as long as the access
node capacities are not exceeded constitutes a diﬀerent state. To make the problem more tangible, we
consider the simple cellular layout in Fig. 7, where
each access node is assigned only 4 channels. We
also assume only one connection class for the sake
of simplicity. Below, we show that even this example
is a challenging scenario.

Fig. 7. Cellular layout.
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The reader should note that some of the users in
a2 may communicate over b1 while others communicate over b2. The sum of the variables x1a1 ðb1 Þ;
x1a2 ðb1 Þ; and x1a6 ðb1 Þ should not exceed 4, the capacity of b1. Considering such constraints for all variables, we ﬁnd that there are 201 diﬀerent
combinations for each access node. Since we have
6 access nodes, the number of states reaches
2016 = 65 944 160 601 201. However, some of these
states are not eﬀectively possible. For example, the
value of the variable x1a3 ðb1 Þ should always be 0.
When we exclude such states and consider only
eﬀective states, the number of states reduces down
to 8 962 362 486 784. Since it is practically impossible
to evaluate a model with so many states, we need to
ﬁnd an intelligent way to consider only states that
are relevant for modeling purposes.
5.3. Practical approach
Due to challenges mentioned in the previous subsection, we propose another method, which is practical in the number of states considered, subject to
some assumptions.
The states that represent the cases where the system is far from high load are of no interest for
research. Therefore, we analyze the state probabilities given that the system has high load. We evaluate
the state probabilities for Fr0 states (no free channel
in any cell), Fr1 states (only one free channel available in one of the cells), and Fr2 states (only two
free channels available in all network). The reader
should note that Fr0 is not a single state; since there
are multiple combinations for xka ðbÞ variables under
full load, all channels can be in use in diﬀerent ways.
Similar idea applies for Fr1 and Fr2 states. Assuming that the system has high load means
X
X
X
Pi ðtÞ þ
Pi ðtÞ þ
Pi ðtÞ ’ 1;
ð20Þ
i2Fr0

i2Fr1

i2Fr2

which implies the sum of the probabilities of the
remaining states is very close to zero. This assumption is expressed by Eq. 21.
X
Pi ðtÞ ’ 0.
ð21Þ
i62ðFr0[Fr1[Fr2Þ

By considering only the states in Fr0, Fr1, and
Fr2, we reduce the number of states down to
156 800, which is reasonable. Using this approach,
we are able to ﬁnd the probability that the system
goes to one of the critical states in Fr0, Fr1, or
Fr2, given that it is operating in the range close to
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full capacity. Results in the next section are
produced using this approach.
6. Numerical results
In this section, we analyze the eﬀects of several
parameters on system performance. First, we discuss the convergence of the iterations and dropping
rate, then argue about the eﬀect of migration rate on
the system, and ﬁnally discuss the eﬀect of connection generation rate on the system using the practical approach in Section 5.3.
In the rest of this section, we use the state deﬁnitions in Eqs. 2 and 3. We do not consider all states,
but we consider only the states in Fr0, Fr1, and Fr2.
Hence we do not ﬁnd the exact state probabilities,
but calculate the probabilities of states in Fr0,
Fr1, and Fr2 subject to Eq. 20. We denote these
conditional probabilities by Pc.
6.1. Iteration parameters
In our tests, we use the following parameters:
Dt
e
MR
CGR
HUP
NUSR

Time interval
Threshold for convergence
Migration rate
Connection generation rate
Hangup rate
Number of users

To allow the system load to stabilize, we keep
HUP equal to CGR in the tests.
6.2. Convergence with respect to d
We ﬁrst analyze how the system converges to
steady state. For the system to converge with respect
to metric d, the change in state probabilities should
decrease as the number of iterations increase.
In Fig. 8, we analyze convergence with diﬀerent
values of Dt. The x-axis represents iterations and
the y-axis represents the metric evaluated for two
probability vectors formed in successive iterations.
For larger time increments, the state probabilities
change faster in the beginning. However, the system
converges around 3500–4000 iterations for all cases.
With diﬀerent time increments the system converges to the same Pc values. Table 1 illustrates that
the system converges to approximately the same Pc
value for diﬀerent Dt. We have used a time
increment of 0.05 s in the rest of the tests.
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the ﬁgure that increasing the migration rate also
increases Pc(dropping). Furthermore, we observe
that the tests converge around 1000 iterations for
all values of MR.

–4

14

x 10

Δt = 0.02
Δt = 0.04
Δt = 0.06

d ( [P(t)] , [P(t+Δt)] )

12
10

6.4. Eﬀect of migration rate
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Fig. 8. Eﬀect of Dt on convergence with respect to d (MR = 0.1,
CGR = 0.25, NUSR = 50, HUP = 0.25).
Table 1
Pc values for diﬀerent Dt
Dt = 0.02
Dt = 0.04
Dt = 0.06

Pc[Fr0]

Pc[Fr1]

Pc[Fr2]

0.03559912
0.03559909
0.03559913

0.22212804
0.22212781
0.22212803

0.74231886
0.74231946
0.74231922

6.3. Convergence of Pc(dropping)
In addition to convergence with respect to metric
d, we also evaluate the conditional probability of
dropping active connections, Pc(dropping). In
Fig. 9, the x-axis represents the number of iterations
and the y-axis represents the conditional probability
of dropping. The tests are performed using diﬀerent
values for migration rate, MR. It is apparent from

Migration rate changes the dynamics of the system. To analyze the eﬀect of migration rate, we
apply the practical approach with diﬀerent MR
values. We sum Pc of states in Fr0, Fr1, and Fr2 separately to analyze where the system inclines to. For
example, higher Pc value for Fr2 means that the system mostly operates in Fr2 states, when it is highly
loaded. In other words, having two channels available in the whole network is more probable than
having no channel under high load assumption.
We examine the eﬀects of MR using single and
multiple CGR values in the following sections.
6.4.1. Eﬀect of MR for single connection
generation rate
In Fig. 10, the x-axis represents MR and the yaxis represents the sum of Pc for Fr0, Fr1, and Fr2
states. For these tests, we ﬁx the value of CGR
and vary MR. For each MR value, probability vector converges to the equilibrium vector. Summing
up Pc values for Fr0, Fr1, and Fr2 allows us to grasp
where the system operates. Desired operation mode
is where Pc[Fr2] is higher than Pc[Fr1] and Pc[Fr0].
If Pc[Fr2] value is the highest, then it means probability of being in one of the states in Fr2 is higher
than being in one of the states in Fr1 or Fr0.
0.8

0.03
MR=0.01
MR=0.07
MR=0.15

0.025

0.7

Fr0
Fr1
Fr2

0.02

0.5

Pc
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Fig. 9. Eﬀect of MR on convergence of Pc(dropping) (Dt = 0.05,
CGR = 0.3125, NUSR = 50, HUP = 0.3125).
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Fig. 10. Eﬀect of migration rate on Pc (Dt = 0.05, CGR =
0.3125, NUSR = 50, HUP = 0.3125).

T. Tugcu et al. / Computer Networks 50 (2006) 3466–3484
0.14

0.12

0.06
0.04

0.1
0.02
0

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

Migration rate
0.025

Pc (dropping)

CGR=0.1875
CGR=0.3125
CGR=0.4375
CGR=0.5625

0.08

Pc [Fr0]

Pc (blocking)

0.1

3479

0.08

0.06

0.02
0.04

0.015
0.01

0.02

0.005
0

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0

0.16

0

0.02

0.04

Migration rate

Inclination of the system towards Fr2 can be analyzed by Figs. 10 and 11. When MR increases, Pc
value of Fr2 increases and Pc values of Fr1 and
Fr0 decrease. This means the system moves towards
lower load as MR values increases. Though this
behavior seems strange at ﬁrst, we can explain it
by analyzing Pc(dropping). Fig. 11 depicts dropping
and blocking with respect to migration rate. As the
migration rate increases, many calls will be dropped
due to high load. Thus, Pc(dropping) increases with
increasing MR. With every dropped connection, a
channel is released in the system. Therefore, the system is inclined towards Fr2 states as MR increases.
Hence, there are more channels than Fr0, therefore
system has room for new connection competitors,
resulting in decreasing Pc(blocking).
6.4.2. Eﬀect of MR for multiple connection
generation rates
We also analyze eﬀect of MR for diﬀerent CGR
values on Pc[Fr0], Pc[Fr1], and Pc[Fr2] individually.
First we analyze Pc[Fr0] and Pc(blocking) together.
In Fig. 12, the x-axis represents MR values, the
y-axis represents sum of Pc values of states in Fr0,
and each curve corresponds to a diﬀerent CGR
value. Similar to Fig. 10, as MR value increases,
all the curves corresponding to diﬀerent CGR
values decrease. We also observe that tests with
higher CGR values result in higher Pc[Fr0] since
there are more connection attempts with higher
CGR values. Thus, the system leans toward Fr0
more than Fr1 and Fr2. Hence we have higher
Pc(blocking) for higher CGR values as seen in
Fig. 13.

0.08

0.1

0.12

0.14

0.16

Migration rate

Fig. 12. Eﬀect of migration rate on Pc[Fr0] with multiple CGR
values (Dt = 0.05, NUSR = 50).
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Pc (blocking)

Fig. 11. Eﬀect of migration rate on Pc(blocking) and Pc(dropping)
(Dt = 0.05, CGR = 0.3125, NUSR = 50, HUP = 0.3125).
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Fig. 13. Eﬀect of migration rate on Pc(blocking) with multiple
CGR values (Dt = 0.05, NUSR = 50).

Similar behavior is observed for Fr1 in Fig. 14.
However, for Fr2 the situation changes. In
Fig. 15, the x-axis represents MR values, the y-axis
represents Pc[Fr2], and each curve corresponds to
diﬀerent CGR value. As MR value increases, all
the curves corresponding to diﬀerent CGR values
increase. The increase in Pc[Fr2] can be explained
by the increase in Pc(dropping), as shown in
Fig. 16. Dropping events occur more if we increase
MR value, so available channels increase frequently
in the system. In Fig. 16, the x-axis represents MR
values, the y-axis represents Pc(dropping), and each
curve corresponds to diﬀerent CGR value. For a
ﬁxed MR value we observe that lower CGR values
imply, less attempts to ﬁll empty channels in system.
Hence, we expect that lower CGR values result in
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Fig. 14. Eﬀect of migration rate on Pc[Fr1] with multiple CGR
values (Dt = 0.05, NUSR = 50).
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lower Pc(dropping) values. We realize the expectations in Fig. 16.
We analyze the eﬀect of MR for diﬀerent CGR
values, by considering the order of the curves in
Figs. 12–14 observe that the conditional probability
decreases with increasing MR and lower CGR. In
ﬁgures, curves corresponding to smaller CGR values are below the others and decreasing. However,
in Fig. 15, the conditional probability increases with
increasing MR and lower CGR. In ﬁgure, the curves
corresponding to smaller CGR values are above the
others and increasing. When CGR value is lower we
expect that Pc value of being in Fr0 is lower. In Figs.
12 and 14, curve corresponding to the smallest CGR
value is below the others. Due to lower Pc value of
being in Fr0 and Fr1 we expect that Pc value of
being in Fr2 is higher than the others. We observe
the positive eﬀect of higher MR value on the system
since Fr2 states are better states than Fr0 and Fr1
states. However, we analyze the eﬀect of MR in
Fig. 16 on Pc(dropping) we observe that increasing
MR value results in higher Pc(dropping).

Pc [Fr2]

0.75

6.5. Eﬀect of connection generation rate
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Connection generation rate is another factor that
changes the dynamics of the system. To analyze the
eﬀect of connection generation rate, we apply the
practical approach with diﬀerent CGR parameter
values. We examine the eﬀects of CGR using single
and multiple MR values.

Migration rate

Fig. 15. Eﬀect of migration rate on Pc[Fr2] with multiple CGR
values (Dt = 0.05, NUSR = 50).
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Fig. 16. Eﬀect of migration rate on Pc(dropping) with multiple
CGR values (Dt = 0.05, NUSR = 50).

6.5.1. Eﬀect of CGR for single migration rate
In Fig. 17, we analyze the eﬀect of connection
generation rate on Pc. We vary connection generation rate from 0.05 to 0.75 conn/min, and ﬁx MR.
As the connection generation rate increases, we
observe that the system shifts from Fr2 states to
Fr1 and Fr0 states. Thus, the analytical model provides a tool for the system designer to understand at
which load the system goes to Fr0.
Fig. 18 demonstrates system behavior under different loads. Pc values for Fr0, Fr1, and Fr2 are
shown on the x-axis using separate bars for each
CGR value. We observe from the ﬁgure that the system is mostly in Fr2 states. As the load increases, the
system spends more time in Fr1 and Fr0 states. Analyzing the change in Pc individually for each type of
state shows that for Fr0 and Fr1 states, Pc increases
as the load increases. However, for Fr2 states, Pc
decreases as the load increases since there is a shift
towards Fr0 states.
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Fig. 17. Eﬀect of connection generation rate on Pc (Dt = 0.05,
MR = 0.1, NUSR = 50).
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since most of these attempts are blocked. Therefore,
the increase rate of Pc(dropping) slows down as
CGR increases further.
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Fig. 18. State type versus Pc (Dt = 0.05, MR = 0.1, NUSR = 50).

6.5.2. Eﬀect of CGR for multiple migration rate
We also analyze eﬀect of CGR for diﬀerent MR
values on Pc[Fr0], Pc[Fr1], and Pc[Fr2] individually.
In Fig. 20, the x-axis represents CGR values, the yaxis represents sum of Pc values of states in Fr0, and
each curve corresponds to a diﬀerent MR value. The
increase in CGR value results in higher Pc[Fr0] since
there are more connection attempts. We also
observe that tests with higher MR values result in
lower Pc[Fr0], as explained previously in Section 6.4.
In Fig. 21, the x-axis represents CGR values, the
y-axis represents Pc(blocking), and each curve corresponds to a diﬀerent MR value. The increase in
0.12
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MR=0.15
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In Fig. 19, we analyze the eﬀect of CGR on
Pc(dropping) and Pc(blocking). The x-axis represents
CGR, the y-axis represents Pc(blocking) and
Pc(dropping), respectively. The ﬁgure demonstrates
the relationship between Pc(blocking) and Pc(dropping) while MR is ﬁxed. We observe that the
increase the increase in CGR causes an almost linear increase in Pc(blocking). However, the increase
rate of Pc(dropping) slows down for higher CGR
values. This behavior can be explained by the fact
that we are operating close to full capacity. For
higher CGR values, we know from Fig. 17, that
the probability of the system being in Fr0 and Fr1
states is higher. Hence, increasing CGR further does
not add many more connections into the system
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Fig. 20. Eﬀect of connection generation rate on Pc[Fr0] for
multiple MR values (Dt = 0.05, NUSR = 50).
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CGR value results in higher Pc(blocking) since more
connection attempts are blocked. We also observe
that tests with higher MR values result in lower
Pc(blocking), as explained previously in Section
6.4. There is a close relation between Pc[Fr0] and
Pc(blocking) since blocking events occur more frequently when the system is in Fr0 states. So
Pc(blocking) increases as CGR value increases due
to increase in probability of being in Fr0. For higher
MR values Pc(dropping) is higher which implies
lower Pc[Fr0] value. Due to lower Pc[Fr0] value,
Pc(blocking) is lower for higher MR values.
Similar behavior is observed for Fr1 in Fig. 22.
However, for Fr2 the situation changes. In
Fig. 23, the x-axis represents CGR values, the y-axis
represents Pc[Fr2], and each curve corresponds to
diﬀerent MR value. As CGR value increases,
Pc[Fr2] decreases for all curves. We also observe
that tests with higher MR values result in higher
Pc[Fr2] since higher MR values imply higher
Pc(dropping), as explained previously in Section
6.4. We observe the negative eﬀect of higher CGR
value on the system, since Fr2 states are better states
than Fr0 and Fr1 states.
In Fig. 24, the x-axis represents CGR values, the
y-axis represents Pc(dropping), and each curve corresponds to diﬀerent MR value. Dropping events
occur more frequently as CGR increases, because
channels released due to dropping events are occupied faster. Since the channels occupied faster new
dropping events are more probable to happen.
However, at high CGR values, the increase rate of
Pc(dropping) slows down as explained in Fig. 19.
For a ﬁxed CGR value we observe that higher
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Fig. 22. Eﬀect of connection generation rate on Pc[Fr1] for
multiple MR values (Dt = 0.05, NUSR = 50).
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Fig. 23. Eﬀect of connection generation rate on Pc[Fr2] for
multiple MR values (Dt = 0.05, NUSR = 50).
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multiple MR values (Dt = 0.05, NUSR = 50).
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Fig. 24. Eﬀect of connection generation rate on Pc(dropping) for
multiple MR values (Dt = 0.05, NUSR = 50).
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MR values imply, higher Pc(dropping) as explained
previously in Section 6.4.
7. Conclusions and future work
NGWS will be composed of multiple subsystems.
The selection of the appropriate subsystem for connection setup is a crucial issue for overall system
performance. In this paper, after deﬁning the network architecture, we proposed a novel connection
admission control scheme. The proposed NGCAC
scheme considers the accessibility of the subsystems
and the availability of the resources in those subsystems in addition to connection class of the connection request and the user’s preferences. We also
provided an analytical model of the proposed
scheme. We pointed out major challenges in analytically modeling NGWS and provided a workaround. As future work, we will consider more
complex scenarios and evaluate the eﬀects of more
parameters on the performance of NGWS.
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