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ABSTRACT

There is a problem of unfairnessin allocation of radio resources among heterogeneous mobile terminals in heterogene-
ous wireless networks. Low-capability mobile terminals (such as single-mode terminas) suffer high call blocking
probability whereas high-capability mobile terminals (such as quad-mode terminals) experience very low call blocking
probability, in the same heterogeneous wireless network. This paper proposes a Terminal-Modality-Based Joint Call
Admission Control (TJCAC) algorithm to reduce this problem of unfairness. The proposed TICAC agorithm makes
call admission decisions based on mobile terminal modality (capability), network load, and radio access technology
(RAT) terminal support index. The objectives of the proposed TJCAC algorithm are to reduce call blocking/dropping
probability, and ensure fairness in allocation of radio resources among heterogeneous maobile terminals in heterogene-
ous networks. An analytical model is developed to evaluate the performance of the proposed TJCAC schemein terms of
call blocking/dropping probability in a heterogeneous wireless network. The performance of the proposed TJICAC algo-
rithm is compared with that of other JCAC algorithms. Results show that the proposed algorithm reduces call block-
ing/dropping probability in the networks, and ensure fairness in alocation of radio resources among heterogeneous ter-
minals.

Keywords: Call Admission Control; Terminal Modality; Heterogeneous Terminals;, Radio Access Technology; Call
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1. Introduction

The success of next generation networks will be derived
from a combination of termina heterogeneity and net-
work heterogeneity [1]. Terminal heterogeneity refers to
different types of terminals in terms of number of net-
works supported (modality), display size, energy con-
sumption, portability/weight, complexity, etc. [1].

Network heterogeneity on the other hand refers to a
combination of multiple wireless networks based on dif-
ferent access technologies (e.g. UMTS, EV-DO, LTE,
WIMAX, etc.) coexisting in the same geographical area.
This coexistence of different radio access technologies
(RATS) in the same area necessitates joint radio resource
management (JRRM) for enhanced QoS provisioning
and efficient radio resource utilization. With joint radio
resource management in NGWN, mobile users will be
able to communicate through any of the available radio
access technologies (RATSs) and roam from one RAT to
another, using multi-mode terminals (MTs) [2-8].

The joint call admission control (JCAC) algorithm is
one of the RRM algorithms. The basic function of JCAC
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algorithms is to decide whether an incoming call can be
accepted or not. They also decide which of the available
radio access networks is most suitable to accommodate
theincoming call.

Next generation networks are expected to support di-
verse types of terminals, such as mobile phones, persona
digital assistants, iPads, netbooks, laptops, etc. Equip-
ment manufacturers have come up with different termi-
nals that possess a wide range of capabilities in order to
take full advantage of heterogeneous wireless networks.

These mobile terminals will be able to access network
services by choosing one of several RATSs that are avail-
able in heterogeneous wireless networks. In order to
achieve this purpose, terminals will have multiple access
interfaces (multi-modality) or a dynamically reconfigur-
able access interface [1,9].

However, network operators cannot force all subscri-
bers on their networks to suddenly change their single-
mode mobile terminals to multi-mode terminals so as to
enjoy the full benefits of heterogeneous wireless net-
works. Transitioning from using single-mode terminals
to using Jmode (Jis the total number of available RATS)
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terminals by subscribers will be a gradual process. Con-
sequently, mobile terminals with different capabilities
such as single-mode, dual-mode, triple-mode, quad-mode,
etc., will co-exist in next generation wireless networks. A
combination of these terminals is referred to as hetero-
geneous mobile terminalsin this paper.

For example, it was projected that 2G/2.5G/3G triple-
mode terminals would be available for most users in
2009-2010 [10]. With the current development in 3GPP-
LTE and WiMAX (IEEE 802.16€), quad-mode terminals
will likely be available in the very near future. Mean-
while some subscribers in the heterogeneous wireless
network will still retain their single-mode terminals.
Figure 1 illustrates a heterogeneous wireless network
supporting heterogeneous mobile terminals.

As shown in Figure 1, the heterogeneous wireless
network consists of three RATs namely RAT 1, RAT 2,
and RAT 3. Six mobile terminals Mt, Mt,, Mts, Mts, Mts,
and Mtg are shown in Figure 1. Mt and Mz, are triple-
mode terminals that are supported by the three RATS.
Mtz and Mt, are dual-mode terminals that are supported
by RAT 1 and RAT 2. Mts5 and Mt are single-mode ter-
minals that are supported by RAT 1 only.

Existing JCAC algorithms do not consider mobile ter-
minal heterogeneity and specifically, mobile termina
modality, in making call admission decisions. In a he-
terogeneous wireless network supporting heterogeneous
mobile terminals, if termina modality is not considered
in making call admission decisions, there will be a prob-
lem of unfairness in alocation of radio resources among
the heterogeneous terminals in the network. Low-capa
bility mobile terminals (such as Mts and Mt in Figure 1)
will experience high call blocking probability whereas
high-capability mobile terminas (such Mt and Mt, in
Figure 1) will experience very low call blocking prob-
ability, in the same heterogeneous wireless network.
Thus, the low-capability terminals will be treated un-
fairly in the heterogeneous wireless network.

In order to reduce this problem of unfairnessin aloca-
tion of radio resources among heterogeneous terminalsin
heterogeneous wireless networks, a terminal-modality-
based JCAC (TJCAC) scheme is proposed for heteroge-
neous wireless networks. The proposed TJCAC scheme
is designed to simultaneously achieve the following ob-
jectives in heterogeneous cellular networks:

1) Ensure fairness in allocation of radio resources
among heterogeneous mobile terminals;

2) Guarantee the QoS requirement of all admitted
cals;

3) Prioritize handoff calls over new calls.

To the best my knowledge, this is the first work con-
sidering terminal modality in making joint call admission
control decisions in heterogeneous wireless networks.

The contributions of this paper are twofold. Firstly, a
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Figure 1. A three-RAT heterogeneous wir eless network sup-
porting heter ogeneous mobile ter minals.

terminal-modality-based JCAC scheme is proposed for
heterogeneous wireless networks. Secondly, an analytical
model is developed to evaluate the performance of the
proposed TIJCAC scheme in a heterogeneous cellular
network.

The rest of this paper is organized as follows. In Sec-
tion 2, existing RAT selection approaches in heteroge-
neous wireless networks are reviewed. The proposed ter-
minal modality-based JCAC scheme is described in Sec-
tion 3. Section 4 presents the heterogeneous network
model. In Section 5, the heterogeneous terminal model is
presented. An analytical model is developed for the pro-
posed JCAC scheme in Section 6. In Section 7, the per-
formance of the proposed JCAC scheme is evaluated
through numerical simulations and results are presented.

2. Existing RAT-Selection Approaches

Some RAT selection approaches have been proposed in
the literature [2,11-19]. These approaches namely, equal
probability-RAT selection approach, service-class-based
approach, load-based approach, service-cost-based ap-
proach, path-loss-based approach, and layer-based ap-
proach, are briefly reviewed in this section.

2.1. Equal-Probability (or Random-Selection)—
Based JCAC

In this approach [2], when a new or vertical handoff call
arrives, one of the available RATs is randomly selected
for the call. The probability of selecting a particular RAT
is 1/J where Jis the total number of RATSs in the hetero-
geneous wireless network. The advantage of this algo-
rithm is that it is easy to implement. However, it has a
high call blocking/dropping probability, and has the
problem of unfairness in distribution of radio resources
among heterogeneous maobile terminals.

2.2. Service-Class-Based JCAC

Service-class based JCAC agorithms [2,11] admit calls
into a particular RAT based on the class of service, such
as voice, video streaming, real-time video, web browsing,
etc. This approach is based on the fact that different
RATSs are optimized to support different classes of ser-
vice. The algorithm admits an incoming call into a RAT
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that can best support the service class of the call. Ser-
vice-class-based JCAC algorithms may lead to highly
unbalanced network load. Moreover, it has problem of
unfairness in distribution of radio resources among het-
erogeneous mobile terminals.

2.3. Load-Based JCAC

The objective of load-based JCAC agorithms [2,12,13,
17,18] is to uniformly distribute traffic load among all
the available RATs in a heterogeneous wireless network.
A load-based JCAC agorithm will lead to unfairness in
distribution of radio resources among heterogeneous mo-
bile terminals.

2.4. Path-L oss-Based JCAC

Path-loss-based JCAC agorithms make call admission
decisions based on path-loss measurements taken in the
cells of each RAT. Perez-Romero et al. [2,14] have pro-
posed path-loss based JCAC agorithms for new calls
(initial RAT selection) and handoff calls (vertical hand-
off RAT selection) in heterogeneous CDMA/TDMA
network. Path-loss-based JCAC algorithms can cause un-
fairness in distribution of radio resources among he-
terogeneous mobile terminals.

2.5. Service-Cost-Based JCAC

Service-cost-based JCAC dgorithms [2,15] admit in-
coming calls into the least expensive RAT so that the
subscriber incurs the lowest service cost in the heteroge-
neous wireless network. This approach is based on the
fact that service cost differs from one RAT to ancther.
Service-cost-based JCAC agorithms reduce the overall
service cost incurred by subscribers. However, they can
cause unfairness in distribution of radio resources among
heterogeneous mobile terminals.

2.6. Layer-Based JCAC

In overlaid networks, layer-based JCAC algorithms ad-
mit calls based on the hierarchy of layers. If alayer can-
not accommodate the call, the JCAC agorithm tries to
admit the call in the next available layer. In [2,16], Ali
and Pierre have proposed a layer-based predictive JCAC
algorithm for overlaid heterogeneous wireless networks.
Layer-based JCAC agorithms can lead to unfairness in
distribution of radio resources among heterogeneous mo-
bile terminals.

2.7. RAT-Duplexing-Technique Based JCAC

In this approach [19], incoming calls are admitted into a
heterogeneous network based of RAT-duplexing tech-
niques of the available RATs and service symmetry of
the incoming calls. The main objective of the proposed
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algorithm is to reduce call blocking/dropping probability.
The objective is achieved by admitting symmetry calls
into non-flexible RATs and by admitting asymmetry
calsinto flexible RATSs.

In the RAT selection approaches reviewed above,
mobile terminal heterogeneity (modality) has not been
considered in making RAT selection decisions. Conse-
guently, there is a problem of unfairness in alocation of
radio resources among heterogeneous mobile terminals.
To solve the problem of unfairness discussed above, a
terminal-modality-based JCAC scheme is proposed in
Section 3.

3. Proposed Terminal-M odality-Based
JCAC Scheme

This section describes the proposed terminal-modality-
based JCAC scheme which consists of the following two
components. joint call admission controller and band-
width reservation unit.

3.1. The Joint Call Admission Controller

The joint call admission controller implements the
JCAC agorithm. The basic function of the JCAC ago-
rithm is to make call admission decisions and guarantee
fairness among the different heterogeneous terminalsin
the heterogeneous wirel ess network.

The proposed JCAC algorithm makes RAT selection
decisions based on the modality of the mobile terminal
initiating a call, the terminal support index of each
RAT that can support the call, and the current load in
the available RATS.

Terminal support index of a RAT indicates the ratio
of terminals supported by the RAT to the total termi-
nals registered in the heterogeneous wireless network.
Terminal support index of RAT-j (R') is defined as fol-
lows:

. .
R/ =—,0<R’/ <1 D
T

where 7 is the number of mobile terminals that have an
interface for RAT-j (i.e. that can be admitted into RAT-j),
and T is the total humber of mobile terminals registered
in the network.

During a call setup, a mobile terminal initiating a call
sends a service request to the joint call admission con-
troller which implements the JCAC algorithm. The
JCAC agorithm is part of the joint resource management
entity of the heterogeneous wireless network. The loca
tion of the joint resource management entity depends on
the specific network architecture deployed by the net-
work operator. The service request contains the call type,
terminal-modality (number and types of network sup-
ported by the terminal), service class, and bandwidth
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requirements. Figure 2 is the flow chart of the proposed
JCAC agorithm. As shown in Figure 2, x;, and y; rep-
resent the residual bbu available for new and handoff
classi calls, respectively, in RAT-j. L;, and 7 represent
the current load and Termina support index of RAT-j,
respectively. H; is the set of RATSs that can support an
incoming class-i call, and the mobile terminal (based on
terminal modality) initiating the call. #; is the set of in-
dexes of RATsthat belong to set H.

As shown in Figure 2, whenever a class-i cal arrives
from a y-mode terminal in the heterogeneous wireless
network, the JCAC agorithm determines the set H; of
RAT-j that can support the class-i call and that can sup-
port the mobile termina initiating the call (based on ter-
minal modality). The JCAC agorithm then sorts the
RATs in set H; in increasing order of their terminal-
support index (R'). Starting from the RAT with the low-
est terminal-support index, the JCAC algorithm tries to
admit the incoming class-i call into one of the RATSs that
can support the mobile terminal. If the RAT with the
lowest terminal support index is fully loaded and there-
fore cannot accommodate the call, the next available
RAT with the second-lowest terminal support index will
be selected for the call, and so on. If two or more RATs
that can support the incoming call have the same low
terminal-support index, the least loaded of the two or
more RATswill be selected for the incoming call.

The class-i cal is rejected if none of the RATs in set
H; has enough basic bandwidth units (bbu) to accommo-
date the call.

By attempting to admit an incoming call into the RAT
with the lowest terminal-support index that can support
the class of the call, the proposed TJCAC scheme re-
serves other RATSs with a higher terminal-support index
for calls from low-capability terminals, thereby reducing
the blocking probability of such calls.

Figure 3 illustrates the problem of unfairness in radio
resource allocation in a three-RAT heterogeneous wire-
less network when terminal modality is not considered in
making RAT selection decisions. Assume that 1) all the
three RATs have equal capacity; 2) all the arriving calls
belong to the same class; and 3) each RAT can support
only two calls. Figure 3 shows six consecutively arriving
cals (1 to 6) in the heterogeneous wireless network. A
load-balancing JCAC scheme, for instance, will admit
the first incoming call (call 1 from atriple-mode terminal)
into RAT 1. It will admit call 2 (from a dual-mode ter-
minal) into RAT 2, admit call 3 (from a triple-mode ter-
minal) into RAT 3, and admit call 4 (from a dual-mode
terminal into RAT 1). The JCAC scheme cannot admit
the fifth incoming call (call 5) into RAT 2 or RAT 3 be-
cause cal 5 is from a single-mode terminal that is sup-
ported only by RAT 1. The JCAC scheme will then try to
admit call 5into RAT 1. Call 5will be blocked in RAT 1
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Figure 3. Unfair allocation of radio resources among he-
ter ogeneous mobile ter minals.

becauseit is already fully loaded (maximum of two calls).
In asimilar manner, the sixth incoming call (call 6) from
a single-mode terminal that is supported by RAT 1 only,
will be blocked.

Figure 4 illustrates how the proposed JCAC scheme
reduces the problem of unfairness in allocation of radio
resources among heterogeneous mobile terminals. As
show in Figure 4, and using Equation (1), the terminal
support index of RAT 1, RAT 2, and RAT 3 are 6/6, 4/6,
and 2/6 respectively. Note that terminal support index is
calculated based on the number of terminals registered in
the heterogeneous wireless network, and it is assumed
that there only six terminals in this example.

As shown in Figure 4, the first incoming call (call 1
from a triple-mode terminal) can be admitted into any of
the three RATs. The proposed TJCAC will select the
RAT with the lowest termina support index (RAT 3),
thereby reserving RAT 1 and RAT 2 for calls from
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Figure 4. Fair allocation of radio resources among hetero-
geneous mobile terminals.

low-capability mobile terminals. The second incoming
cal (call 2 from a dual-mode terminal) can be admitted
into RAT 1 or RAT 2, The TICAC scheme selects RAT
2, which has the lower terminal support index. The third
incoming call (call 3 isfrom atriple mode terminal) can
be admitted into any of the three RATs. The TICAC se-
lects RAT 3 with the lowest terminal support index. The
fourth call is admitted into RAT 2. The fifth and sixth
calls are then admitted into RAT 1, which has the highest
terminal support index. Thus the problem of unfairnessin
allocation of radio resources is reduced.

3.2. Bandwidth Allocation Unit

In order to maintain lower handoff dropping probability
over new call blocking probability, different thresholds
are used for rejecting new and handoff calls. In RAT-j, C;
and 1, are the thresholds for rejecting handoff calls and
new calls respectively. Figure 5 shows the different thre-
sholds used by the bandwidth allocation unit.

4. Heter ogeneous Networ k M odel

This paper considers a heterogeneous cellular network
which comprises a set of RATs H with co-located cells
supporting heterogeneous terminals. A typical example
of a heterogeneous wireless network, adapted from [20]
isshown in Figure®6.

In the heterogeneous network, radio resources are
jointly managed. Cellular networks such as GSM, UMTS,
EV-DO can have the same and fully overlapped coverage,
which is technically feasible, and may also save on in-
stallation costs [11,21].

Let H denote the set of al available RATs in the he-
terogeneous wireless network. Then, H isgiven asfollows:

H ={RATL, RAT2,---,RAT j}

where; isthetotal number of RATs in the heterogeneous
cellular network. The heterogeneous cellular network
supports k-classes of calls.

Each cell in RAT-j (=1, ---, J) has atotal of C;basic
bandwidth units (bbu). The physical meaning of a unit of
radio resources (such as time slots, code sequence, €tc.)
is dependent on the specific technological implementa-
tion of the radio interface [22]. However, no matter which
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Figure 6. A typical two-RAT heterogeneous cellular net-
work with co-located cells.

multiple access technology (FDMA, TDMA, CDMA or
OFDMA) is used, system capacity could be interpreted in
terms of effective or equivalent bandwidth [23-25]. There-
fore, this paper refers to the bandwidth of a call as the
number of bbu that is adequate for guaranteeing the de-
sired QoS for the call, which is similar to the approach
used for homogeneous networksin [25,26].

The approach used is to decompose a heterogeneous
cellular network into groups of co-located cells as shown
in Figure 7. For example, cell 1a and cell 2a form a
group of co-located cells. Similarly, cell 1b and cell 2b
form another group of co-located cells, and so on.

When a mobile user with an ongoing call is moving
outside the coverage area of a group of co-located cells,
the call must be handed over to one of the cells that can
support the call in the neighboring group of co-located
cells. For example, in the two-class three-RAT hetero-
geneous cellular network illustrated in Figure 7, an on-
going class-1 call can be handed over from cell 2ato cell
2b, or from cell 2ato cell 1b (Figure 7). Note that hand-
off comprises both horizontal and vertical handoffs.

The correlation between the groups of co-located cells
results from handoff connections between the cells of
corresponding groups. Under this formulation, each group
of co-located cells can be modeled and analyzed indi-
vidually. Therefore, a single group of co-located cells is
considered in this paper.

The heterogeneous network supports k classes of calls.
Each class is characterized by bandwidth requirement,
arrival distribution, and channel holding time. Each class-
i call requires a discrete bandwidth value, b; Following
the general assumption in cellular networks, new and
handoff class-i calls arrive in the group of co-located
cells according to Poisson process with rate 4" and 4
respectively. The call holding time (CHT) of a classi
call is assumed to follow an exponentia distribution with
mean 1/u.;[25,27].
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Figure 7. A two-RAT heterogeneous wireless network sup-
porting heter ogeneous mobile ter minals.

The cell residence time (CRT) is assumed to follow an
exponential distribution with mean 1/u;,. The channel
holding time for class-i cals, is exponentially distributed
with mean Uu; where u; = (ue; + wy;) [27]. Note that this
set of assumptions has been widely used for both homo-
geneous and heterogeneous cellular networks in the li-
terature, and is found to be generaly applicable in the
networks where the number of mobile usersis larger than
the number of channels.

5. Heter ogeneous Terminal Model

Heterogeneous mobile terminals ranging from single-
mode terminals to Jmode terminals are considered in
this paper, where J is the total number of RATs in the
heterogeneous wireless network. The heterogeneous ter-
minals can be broadly categorized into J groups based on
the number of RATSs supported by each terminal. For
example, in athree-RAT heterogeneous wireless network,
there will be a maximum of three categories of mobile
terminals namely: 1-mode (single-mode), 2-mode (dual-
mode), and 3-mode (triple-mode) terminals. This catego-
rization is based on the number of usable network inter-
faces possessed by each termina in the heterogeneous
network.

For instance, a 4-mode (quad-mode) terminal in a
three-RAT heterogeneous wireless network will have a
maximum of three usable interfaces in the heterogeneous
network because there is a maximum of three RATs
available. Therefore, the 4-mode terminal will be catego-
rized as a 3-mode terminal in athree-RAT heterogeneous
network provided all the three-RATs are supported by
the terminal. The foregoing implies that in a JRAT he-
terogeneous wireless network, a subscriber's terminal
can only have a maximum of J usable interfaces (>mode
terminals).

In a JRAT heterogeneous wireless network, the
y-mode terminals (v € [1, J]) can be subdivided into 7/
types. Let M signify ay-mode termina (v € [1, J])
of typex (x € [1, 7], and T, isthe maximum num-
ber of types of a y-mode terminal in a JRAT heteroge-
neous network.

For ay-mode terminal Ty’ is obtained as follows:

T/ ="'C @)

Y y

where’C, represents./ combination y.
For example, in a three-RAT heterogeneous wireless
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network, the maximum number of types of 1-mode ter-
minalsis calculated as:

713:3C1:3

Similarly, the number of types of 2-mode terminals are
77} =°%C, =3, and the maximum number of types of
3-modeterminalsis T, = °C, =1.

The classification of heterogeneous mobile terminals
in a three-RAT heterogeneous wireless network is illus-
trated in Figures 8-10.

As shown in Figure 8, there are three types of 1-mode
terminals in the three-RAT network. The first type of
mobile terminals ( M¢"") has a single network interface
that can only support RAT-1. The second (M%) and
third (Mr®) types of 1-mode terminals also have a sin-
gle network interface that can support RAT 2 and RAT 3,
respectively.

In Figure 9, there are three possible types of 2-mode
terminals. The first type of 2-mode terminals ( Mt**) has
two network interfaces that can support RAT-1 and
RAT-2, one interface for each RAT. Similarly, the sec-
ond type of 2-mode terminals ( Mt>?) has two network
interfaces that can support RAT-1 and RAT-3, one inter-
face for each RAT. The third type of two-mode terminals

| RAT1| | RAT2| |RAT3|
; 1 L
M+t Mi+2 M3

Figure 8. Classification of 1-modeterminalsin a three-RAT
heter ogeneous wir eless network.

| RAT 1 | | RAT 2 | | RAT 3 |

Mt%3

Figure 9. Classification of 2-mode terminalsin a three-RAT
heter ogeneous wir eless network.

| RAT 1 | | RAT 2 | | RAT 3 |

©

M3t

Figure 10. Classification of 3-mode terminals in a three-
RAT heterogeneous wir eless network.
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(Mt**) has two network interfaces that can support
RAT-2 and RAT-3, one interface for each RAT.

Figure 10 shows the only possible type of 3-mode
terminals in the three-RAT heterogeneous wireless net-
work. The 3-mode terminals have three usable network
interfaces, one for each RAT.

The total number of types of heterogeneous mobile
terminals (77) in a JRAT heterogeneous wireless net-
work is obtained as:

-3, ©

For a three-RAT heterogeneous wireless network,
T°=7.

In a JRAT heterogeneous wireless network, let Ps;
be the probability that a y-mode terminal supports RAT-
(RAT-j € H) and let Ps’ be the probability that any
mobile terminal supports RAT-j. Then Ps; is obtained
asfollows:

J-1
) C
Ps’/ = 1) 4
y ch 7 (4)
Ps’ isobtained as;
Ps' =% R = (5)
=

where R, is the percentage of subscribers using y-mode
terminals.

In a JRAT heterogeneous wireless network, let P’*
be the probability that ay-mode terminal (y € [1, J]) isof
type-x (x € [1,T;]). Moreover, let Pb/ be the pro-
bability that a new classi cal from any terminal is
blocked in RAT-j in the heterogeneous network. Let
d”* be the set of indices al RATs supported by a
y-mode terminal of type x.

Then the probability, Pb,, that a new class-i call
from a y-mode termina is bI ocked in the heterogeneous
wireless network is given as:

TJ

Pb,, = Z H P’ - Pb/ (6)

x=1 jeq¥*

The probability, Pb; that a new class-i call from any
terminal is blocked in the heterogeneous wireless net-
work isgiven as:

J
Pb, =) Pb, R, )
y=1

Similarly, the probability, Pd,; that a new class-i
call from ay-mode terminal is dropped in the heteroge-
neous wireless network is given as:

T)
Pd, =3 [] P -Pd 8

x:ljed)*v x
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The probability, Pd; that a handoff class-i call from
any terminal is dropped in the heterogeneous wireless
network is given as:

J
Pd, =Y Pd, R, 9
o i
In Section 6, expressions for Pb/ and Pd/ are de-
rived.

6. Markov Mode€

The TJCAC and bandwidth management scheme de-
scribed in Section 2 can be modeled as a multidimen-
sional Markov chain. The current state of the heteroge-
neous system is represented as follows:

Q=(m,n,, i=Lk, j=1-J)  (10)

The non-negative integer m;; denotes the number of
ongoing new class-i calsin RAT-j, and the non-negative
integer n,; denotes the number of ongoing handoff class-i
calsin RAT-j.

Let S denote the state space of al admissible states of
the group of co-located cells as it evolves over time. An
admissible state s is a combination of the numbers of
users in each class that can be supported simultaneously
in the group of co-located cells while maintaining ade-
guate QoS and mesting resource constraints.

Let S denote the state space of all admissible state as it
evolves over time. An admissible state sis a combination
of the numbers of users in each class that can be simul-
taneously supported in the group of co-located cells
while maintaining adequate QoS and meeting resource
congtraints. The state S of al admissible statesis given
as.

S:{Q:(ml.yj,nl.yj:i=1,~--,k, j:L---,J):
(11)
Zml/b <t0/ V]/\Z(mlj-i-n” <CV]}

where #;; and C; are thresholds for rejecting new and
handoff class-i calls respectively, in RAT-j, and b; is the
bbu allocated to an incoming class-i cal in heterogene-
ous wireless network.

The constraints smply state that the sum of the band-
width units of al admitted class-i calls cannot be more
than the total bandwidth units available for that class of
cals.

The call admission decision epochs are the arrival of a
new or handoff call. When the system is in state s, an
accept/reject decision must be made for each type of
possible arrival in the group of co-located cells. The pos-
sible JCAC decisions in the arrival epoch are reject the
new (or handoff) class-i cal or admit the new or handoff
classi cal into RAT-j (RAT-j € H;), in which case the
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state s evolves.
Thus, the call admission action space A can be ex-
pressed as follows:

A={a=(a;’,---,a,j,aih,~--,a£):
=l---,k}

where g denotes the action taken on arrival of a new
class-i call within the group of co-located cells, and a
denotes the action taken on arrival of a handoff class-i
caII from an adjacent group of co-located cells. a (or
a ) =0 means reject the new (or handoff) class-i call.

" (or a') = j means accept the new (or handoff)
class-| cal into RAT-j (j € H).

When a new or handoff class-i call arrives from a
y-mode terminal into a group of co-located cells, the
JCAC agorithm selects a RAT in set H; for the incoming
cal, where H; is the set of RATs supported by the
y-mode terminal. The action of selecting a RAT for each
arriving new or handoff class-i call in the group of
co-located cells leads to splitting of the arrival process.

Let A" and A denote the mean arrival rates of new
class-i calls and handoff class-i calls, respectively, in the
group of co-located cells. Furthermore, let 47 and A
denote the mean arrival rates of new class-i calls and
handoff class-i calls, respectively in RAT-j.

The arrival rate of class-i calls in the group of co-
located cells is split among all the RATs in set H. Each
RAT has afraction of the arrival rate (4").

Let o; and S; denote the fraction of new and handoff
classi calls admitted into RAT-j respectively (RAT-j
H). The arrival rate of new classi cals into RAT-j is
given as:

a',al €(01,--,J),i

Ay=a A i=lek, j=1-J (12

Similarly, the arrival rate of handoff class-i calls into
RAT-j isgiven as:

Ay=BA =Lk j=led  (13)

The total arrival rate of new and handoff calls into
RAT-j isgiven as:

K
/1;:2(0:1 AL EBAL) Y (18)

Note that the arrival rates of a split Poisson process are
also Poisson [28]. Therefore, given that the mean arrival
rate of class-i calls into the group of co-located cells is
Poisson, the mean arrival rates of the split class-i calls
into RAT-j (Vv RAT j € H) are aso Poisson.

From the steady state solution of the Markov model,
performance measures of interest can be determined by
summing up appropriate state probabilities. Let P(s) de-
note the steady state probability that the system isin state
s (s € S). From the detailed balance equation, P(s) is

Copyright © 2012 SciRes.

obtained as:

Let p,.,, and Phan,, denote the load generated by
new classi calls and handoff classi calls, respectively,
in RAT-j. Then,

n

A
= L
pné’W,,j /Lllr: v ‘] (15)

i

and
h

Pran, =5 Virj (16)
o

From the steady state solution of the Markov model,
performance measures of interest can be determined by
summing up appropriate state probabilities. Let P(s) de-
note the steady state probability that the group of collo-
cated cells in the heterogeneous wireless network is in
state s (s € S). From the detailed balance equation, P(s)

k J (anw )

is obtained as:
1 plan,‘/v i
P =TI G )

i m! i

VseS (17)

where G is anormalization constant given by:

j .j
P han, )

G ZHH(PW ) ( ni,/' (18)

seS =1 j=1 ,j ij*

6.1. New Call Blocking Probability

A new class-i call from a y-mode terminal is blocked in
the group of co-located cells if none of the available
RATS supported by the y-mode terminal has enough bbu
to accommodate the new class-i call. Let S/ =S denote
the set of states in which a new class-i call is blocked in
RAT-j in the group of co-located cells. It follows that:

k
Sb/ :{s es: (b[ + zmx,jbx >ly; v
x=1

(19)

k
b[+2(mw.+nw. 3 >C/j}
x=1

Thus the new blocking probability (NCBP), Pb’ for
aclassi call in RAT-j in the group of co-located cell is
given by:

Pb/ = " P(s) (20)

seSbl-/

6.2. Handoff Call Dropping Probability

A handoff class-i call from ay-mode terminal is dropped
in the group of co-located cells if none of the available
RATSs supported by the y-mode terminal has enough bbu
to accommodate the handoff class-i cal. Let Sd/ S
denote the set of states in which a handoff class-i cal is
dropped in the group of co-located cells. It follows that:
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k
Sd’ :{s €s: (b,. +y (m,, +n,;)b,>C, j} (21)
x=1
Thus the handoff dropping probability (HCDP), Pd/,
for aclass-i call in RAT-j in the group of co-located cell
isgiven by:

Pd/ =3 P(s) (22)

xeSd/

7. Reaults

In this section, the performance of the proposed ter-
minal-modality based JCAC scheme is evaluated with
respect to NCBP and HCDP, using a two-class three-
RAT heterogeneous wireless network supporting hetero-
geneous mobile terminals. A numerical simulation is
conducted using MATLAB. The following system pa
rameters are used: Ci1=Co,=C3=10, tg1 = tgp = te3 =5,
bl=1,b2=3 p=p,=054=[15, =4,
A'=054".

Different combinations of heterogeneous terminals are
possible in heterogeneous cellular networks. However, in
order to investigate the performance of the proposed
JCAC scheme, four scenarios with different combina
tions of heterogeneous terminals are examined.

For each of the four scenarios, the performance of the
proposed TIJCAC scheme (represented as “T” scheme) is
compared with the performance of two other JCAC
schemes namely, the equal-probability selection-based
JCAC scheme (represented as “E” scheme) and the ser-
vice-class-based JCAC scheme (represented as “S” sche-
me). Results obtained from the four scenarios are dis-
cussed in the following subsections. A preliminary of
these results has been presented in [29].

7.1. Scenario 1. Equal Ratio of Heter ogeneous
Terminals

In this scenario, the ratio of single-mode, dual-mode, and
tripleemode terminals is 33:33:33, respectively. Figure
11 shows the effect of varying the new call arrival rate on
the NCBP (Pbl) of 1-mode, 2-mode, and 3-mode termi-
nals for EJCAC, SICAC, and the proposed TJCAC. As
shown in Figure 11, Pbl for the three JCAC schemes
and three classes of terminals increases with an increase
in arrival rate for three JCAC schemes. This is expected.
However, for 1-mode terminals, Pbl of the TICAC sche-
me is lower than the corresponding Pbl of the EJCAC
and SICAC schemes. The TICAC scheme is able to re-
duce the Pbl by admitting most of the calls from 3-mode
terminals into RAT 3, which has the lowest terminal
support index, thereby reserving RAT 1 and RAT 2 for
cals from 1-mode and 2-mode terminals, respectively.
However, the reduction in 1-mode terminals Pbl for
TJCAC schemeis at the expense of the Pbl of calls from
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Figure 11. NCBP (Pb1l) for class-1 callswith 1M:2M:3M =
33:33:33.

3-mode terminals. It can be seen that for 3-mode termi-
nals, the Pbl of the TICAC scheme is alittle higher than
the corresponding Pbl of the EJCAC and SICAC sche-
mes.

For the EJCAC scheme, the Pbl for one-mode termi-
nals (1 M Pbl) is very high whereas Pbl for two-mode
and three-mode terminals are relatively low. Thus, one-
mode terminals are treated unfairly by the EJCAC sche-
me. Similarly, for SICAC the Pbl for one-mode termi-
nals (1 M Pbl) is very high whereas Pbl for two-mode
and three-mode terminals are very low. Thus, one-mode
terminals are treated unfairly by the SICAC scheme.

However, for the proposed TICAC scheme, Pbl for
one-mode terminals is relatively low, thereby reducing
unfairness in allocation of radio resources among the
heterogeneous terminals.

Figure 12 shows the effect of varying the new call ar-
rival rate on the NCBP (Pb2) of 1-mode, 2-mode, and
3-mode terminals for EJCAC, SICAC, and the proposed
TJCAC. The Pb2 for the three JCAC schemes follow a
similar trend to that of Figure 11. The Pb2 for the three
JCAC schemes and three classes of terminals increases
with an increase in arrival rate for three JCAC schemes.
This is expected. However, for the EJCAC scheme, the
Pb2 for one-mode terminals (1 M Pb2) is very high
whereas the Pb2 for two-mode and three-mode terminals
are relatively low. Thus, one-mode terminals are treated
unfairly by the EJCAC scheme. Similarly, for the SICAC
the Pb2 for one-mode terminals (1 M Pb2) is very high
whereas Pb2 for two-mode and three-mode terminals are
very low. Thus, one-mode terminals are treated unfairly
by the SICAC scheme.

However, for the proposed TJCAC scheme, the Pb2
for one-mode terminals is relatively low, thereby reduc-
ing unfairness in allocation of radio resources among the
heterogeneous terminals.

Figure 13 shows the effect of varying the call arrival
rate on the HCDP (Pd1) of 1-mode, 2-mode, and 3-mode
terminals for EJCAC, SICAC, and the proposed TIJCAC.
Pd1 for the three JCAC schemes follow a similar trend to
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Figure 12. NCBP (Pb2) for class-2 callswith 1M:2M:3M =
33:33:33.
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Figure 13. HCDP (Pd1) for class-1 callswith 1 M:2 M:3 M
=33:33:33.

that of Figure 11. Pd1 for the three JCAC schemes and
three classes of terminals increases with an increase in
arrival rate for three JCAC schemes. This is expected.
However, For the EJCAC scheme, the Pd1 for one-mode
terminals (1 M Pdl) is very high whereas Pd1 for two-
mode and three-mode terminals is relatively low. Thus,
one-mode terminals are treated unfairly by the EJCAC
scheme. Similarly, for SICAC the Pd1 for one-mode
terminals (1 M Pdl) is very high whereas Pdl for two-
mode and three-mode terminals are very low. Thus, one-
mode terminals are treated unfairly by the SICAC scheme.

However, for the proposed TICAC scheme, the Pdl1
for one-mode terminals is relatively low, thereby reduc-
ing unfairness in allocation of radio resources among the
heterogeneous terminals.

Figure 14 shows the effect of varying the call arrival
rate on the HCDP (Pd2) of 1-mode, 2-mode, and 3-mode
terminals for EJCAC, SICAC, and the proposed TJCAC.
The Pd2 for the three JCAC schemes follow a similar
trend to that of Figure 11. Pd2 for the three JCAC
schemes and three classes of terminals increases with an
increase in arrival rate for three JCAC schemes. This is
expected. However, For the EJCAC scheme, the Pd2 for
one-mode terminals (1 M Pd2) is very high whereas the
Pd1 for two-mode and three-mode terminals are relatively
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Figure 14. HCDP (Pd2) for class-2 callswith 1 M:2 M:3 M
=33:33:33.

low. Thus, one-mode terminals are treated unfairly by
EJCAC scheme. Similarly, for the SICAC the Pd2 for
one-mode terminals (1 M Pd2) is very high whereas the
Pd2 for two-mode and three-mode terminals are very low.
Thus, one-mode terminals are treated unfairly by SICAC
scheme.

However, for the proposed TJCAC scheme, the Pd2
for one-mode terminals is relatively low, thereby reduc-
ing unfairness in allocation of radio resources among the
heterogeneous terminals.

7.2. Scenario 2: Terminals Dominated by 1-Mode
Terminals

In this scenario, the ratio of single-mode, dual-mode, and
triple-mode terminals is 50:25:25 respectively. Figures
15, 16, 17, and 18 show Pbl, Pb2, Pd1, and Pd2 respec-
tively. It can be seen that the proposed TJCAC reduces
the Pbl, Pb2, Pd1, and Pd2 of 1-mode terminals, in Fig-
ures 15, 16, 17, and 18, respectively, thereby reducing
unfairness in allocation of radio resources among hetero-
geneous wireless terminals in the heterogeneous wireless
network.

7.3. Scenario 3: Terminals Dominated by
2-Mode Terminals

In this scenario, the ratio of single-mode, dual-mode, and
triple-mode terminals is 25: 50: 25 respectively. Figures
19, 20, 21, and 22 show Pbl, Pb2, Pdl, and Pd2 respec-
tively. It can be seen that the proposed TIJCAC reduces
the Pbl, Pb2, Pd1, and Pd2 of 1-mode terminals, in Fig-
ures 19, 20, 21, and 22, respectively, thereby reducing
unfairness in alocation of radio resources among hetero-
geneous wireless terminals in the heterogeneous wireless
network.

7.4. Scenario 4: Terminals Dominated by
3-Mode Terminals

In this scenario, the ratio of single-mode, dual-mode, and
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Figure 15. NCBP (Pbl) for class-1 callswith 1M:2M:3M =

50:25:25.
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Figure 16. NCBP (Pb2) for class-2 callswith 1M:2M:3M =

50:25:25.
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Figure 17. HCDP (Pd1) for class-1 callswith 1 M:2 M:3 M
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Figure 18. HCDP (Pd2) for class-2 callswith 1 M:2 M:3 M

= 50:25:25.
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Figure 19. NCBP (Pbl) for class-1 callswith 1M:2M:3M =

25:50:25.
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Figure 20. NCBP (Pb2) for class-2 callswith 1M:2M:3M =

25:50:25.
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Figure 21. HCDP (Pd1) for class-1 callswith 1 M:2 M:3 M

= 25:50:25.
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Figure 22. HCDP (Pd2) for class-2 callswith 1 M:2 M:3 M

= 25:50:25.
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triple-mode terminals is 25:25:50 respectively. Figures
23, 24, 25, and 26 show Pbl, Pb2, Pd1, and Pd2 respec-
tively. It can be seen that the proposed TIJCAC reduces
Pbl, Pb2, Pd1, and Pd2 of 1-mode terminals, in Figures
23, 24, 25, and 26, respectively, thereby reducing un-
fairness in allocation of radio resources among hetero-
geneous wireless terminals in the heterogeneous wireless
network.

8. Conclusion

A terminal-modality-based JCAC scheme has been pro-
posed for heterogeneous wireless network supporting
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Figure 23. NCBP (Pbl) for class-1 callswith 1M:2M:3M =
25:25:50.
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Figure 24. NCBP (Pb2) for class-2 callswith 1M:2M:3M =
25:25:50.
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Figure 25. HCDP (Pd1) for class-1 callswith 1 M:2 M:3 M
= 25:25:50.
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Figure 26. HCDP (Pd2) for class-2 callswith 1 M:2 M:3 M
= 25:25:50.

heterogeneous mobile terminals. The objectives of the
proposed TICAC algorithm are to reduce call blocking/
dropping probability, and ensure fairness in alocation of
radio resources among heterogeneous mobile terminals.
An analytical model has been developed for the proposed
JCAC scheme in order to evaluate its performance. Per-
formance of the proposed TICAC scheme is compared
with the performance of EJCAC and SICAC schemes.
Results show that the proposed JCAC scheme achieves
lower call blocking/dropping probability for low-capa-
bility mobile terminas in the network and thereby re-
duces the problem of unfairness in alocation of radio
resources.
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