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Abstract

Call admission control (CAC) in multimedia wireless communications is to guarantee quality of service (QoS) to mobile users and to
achieve a high resource utilization efficiency. It is a challenging issue due to user mobility, limited radio spectrum, heterogeneous nature of
multimedia traffic. This paper proposes a CAC policy for a wireless system supporting both constant-rate voice calls and available-rate data
calls. The parameters of the proposed policy is determined in a systematic way by using an optimization approach. Soft QoS (relaxed target
QoS) is introduced to make a compromise between the QoS levels of the voice and data calls, respectively, in a heavy traffic load situation.
Numerical results show that the proposed CAC policy can guarantee the QoS of all the users under most traffic conditions considered.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The future personal communication system (PCS) will
provide multimedia communication services that can be
enjoyed by users anytime and anywhere [1]. It is expected
that the PCS will guarantee a certain level of quality of
service (QoS) to mobile users. In the system, call admission
control (CAC) will be the first control function imposed on a
user for QoS provisioning. When a user requests a new
connection, what the CAC does is to calculate the amount
of resources required by (i) the users already in the system,
and (ii) the pending user. If the sum of the two is not larger
than the total capacity, then the user’s request will be
acknowledged; otherwise, the request will be rejected.
This is equivalent to first reserving resources for the
admitted users and then checking if the remaining resources
are sufficient to support the new connection. How to make
the two calculations depends on the particular system under
consideration. CAC is important because its result is irre-
versible. A CAC mechanism is usually defined as the
detailed work involved in the CAC function. This includes
the decision process, signalling, routing table establishment,
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etc. The decision process of CAC can often be formulated in
a high level representation called the CAC policy.! When-
ever a user requests a new connection, the CAC policy takes
the call request as input, and based on the current traffic
conditions of the system, decides whether or not to accept
the user, as illustrated in Fig. 1.

Because of the limited radio spectrum, user mobility, and
dynamic traffic of multimedia services, CAC in the PCS
poses significant challenges. Using cellular structure for
frequency reuse, there are two major types of calls that
can arrive at any particular cell: new calls originated from
within and handoff calls coming from adjacent cells. From
the users’ point of view, it is better to be blocked in the
beginning rather than dropped in the middle of a connection.
As a result, handoff calls should be given a higher priority
than new calls. To do so, the usual approach is to reserve
some capacity exclusively for them, e.g. by using the
limited fractional guard channel policy (LFGCP) [2]. On
the other hand, resource utilization is another important
factor that needs to be considered, in addition to QoS provi-
sioning. A highly utilized system that can provide a satis-
factory level of QoS to the users is a desired solution.
However, high resource utilization and QoS provisioning
are always conflicting goals. As in the case of CAC,
resources are set aside for active handoff users so that
their QoS can be maintained, but unused resources result
in low utilization. In order to have a balance in the two
conflicting goals, the amount of reserved resources should
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Fig. 1. The CAC decision process.

be calculated carefully. Due to the dynamic nature of multi-
media traffic and the characteristics of a wireless mobile
environment, the traffic load in a base station can change
dramatically from time to time. As a result, simultaneously
providing consistent QoS satisfaction to all the mobile users
with heterogeneous requirements is not realistic. Certain
compromise in QoS provisioning among different traffic
classes has to be made. Adaptive CAC with soft QoS (i.e.
relaxed target QoS) is one approach to make such a compro-
mise. Normally, QoS requirement is specified by a value for
each of the QoS parameters and is referred to as hard QoS
requirement. On the other hand, when the QoS requirement
is specified by a range (instead of a single value) for each of
the QoS parameters, guaranteeing the QoS requirement is
referred to as soft QoS provisioning. When the most strin-
gent QoS requirement in soft QoS is the target service qual-
ity in the hard QoS, the soft QoS is actually relaxed hard
QoS. It should be noted that provisioning soft QoS (or
relaxed hard QoS) is different from setting hard QoS at a
lower level (e.g. the least stringent requirement in the soft
QoS). In provisioning hard QoS, there is no adaptive
mechanism in resource allocation; e.g. when traffic load is
low, available resources are not utilized for better QoS and
are wasted. Even though it is quite obvious that relaxing
QoS constraints can improve system resource utilization,
in-depth investigation is necessary to evaluate the tradeoff
between service quality and resource utilization.

This paper proposes a CAC policy for a wireless system
supporting both constant-rate voice and available-rate data
traffic based on the LFGCP. This work is based on the
previous research reported in Ref. [2], where only
constant-rate traffic was considered. Although the same
mixed traffic types have been considered in Ref. [3], the
mobility model considered is more general. Studies related
to admission control for integrated voice and data services
in a code division multiple access (CDMA) system have
been carried out in Refs. [4—8]. The results of Refs. [4—7]
are specific to the system model and can be applied to
CDMA systems only. In Ref. [8], a general queuing
model is proposed to describe the flow of voice and data
traffic in the system. However, both the voice and data
services considered are constant-rate services. On the
other hand, a concept similar to soft QoS was introduced
in Ref. [9], where an ‘adaptive reserved service’ framework
was proposed to support mobile connections. However, no
in-depth investigation on CAC is presented. The contribu-

tion of this paper lies in the development of the CAC policy
for the integrated voice and data services, which share the
total resources without partitioning, where handoff calls are
given with a high priority than new calls. The objective of
the service provider is formulated in a mathematical manner
and an optimization approach is then used to obtain the
CAC policy parameters that optimize such objective. In
this way, the search for the CAC policy can be performed
systematically rather than arbitrarily. The proposed policy is
optimal in the sense that, given a traffic load, the QoS
requirements from both constant- and available-rate users
are guaranteed with the minimum system resources. In addi-
tion, soft QoS levels are specified in the objective so that
none of the QoS of the competing traffic types is discrimi-
nated against indefinitely. The CAC policy incorporates the
concept of soft QoS in order to make a good compromise in
resource allocation between the two traffic types. If mobile
users can tolerate a certain degree of fluctuations in the
service quality, then the system can exploit the QoS flex-
ibility to improve resource utilization by adaptive resource
allocation based on the instantaneous traffic load, wireless
link quality, and user application characteristics. Conse-
quently, the results of this paper are expected to provide
some insights into how the optimal CAC policy can be
found systematically in the multimedia wireless environ-
ment of the PCS.

The rest of this paper is organized as follows. Section 2
describes the system model under consideration. Section 3
presents the proposed CAC policy for both constant- and
available-rate traffic. Section 4 discusses how to determine
the parameters of the proposed CAC policy. Numerical
results are given in Section 5 to demonstrate the perfor-
mance of the proposed CAC policy with target and soft
QoS, respectively. Finally, Section 6 concludes this
research.

2. The system model

A wireless system with hexagonal radio cells and fixed
channel allocations is considered. Although there are many
types of multimedia traffic in the PCS, we consider only two
of the most important ones, voice and data. Voice traffic
carries real-time information and can be classified as
constant-rate traffic; data traffic carries non-real-time infor-
mation and can be classified as available-rate traffic. The
traffic load is uniform throughout the coverage area. Both
the system and the traffic are assumed to have attained
stationary states. All new and handoff call arrivals to a
cell are Poisson, and all call connection periods and cell
residence times are exponentially distributed and are inde-
pendent of each other. The handoff rates of the same traffic
type at a cell from the neighboring cells can be lumped into
one single parameter. After admitted to a cell, a handoff call
is treated in the same way as a new call of the same traffic
type, i.e. the service rates for both handoff and new calls of
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Fig. 2. The system traffic model under CAC.

the same traffic type are the same. In such a system, the
focus can be placed on a single test cell described by the
new and handoff call arrival rates, service rates and the total
cell capacity. The service time in the test cell is the mini-
mum of call duration and the cell residence time. Therefore,
the service rate is the sum of the call service rate and the
handoff rate of the admitted users. The following assump-
tions are made: (i) arrivals and services of constant-rate
traffic are independent to those of available-rate traffic; (ii)
the effects of channel fading are completely mitigated by the
physical and link layers, and the problem of capacity fluc-
tuation in a wireless environment is eliminated; and (iii) the
amount of resources occupied by control signals is negligi-
ble. Fig. 2 shows the traffic modeling of the system under
CAC, where A, hc, and uc denote the new call arrival rate,
handoff call arrival rate and service rate for constant-rate
traffic, respectively, the same notations with subscript A are
used to represent the corresponding quantities for available-
rate traffic. The QoS parameters of interest are new call
blocking probability and handoff call dropping probability
for both constant- and available-rate calls.

Since there are two types of traffic competing for the
resources in the network, a resource allocation scheme is
needed to specify the priority between the different traffic
types. Here, the restricted access (RA) scheme [3] is used.
This scheme is preferred over others because low priority
traffic will never be deprived of resources indefinitely. The
RA scheme is depicted in Fig. 3, where C is the total capa-
city (radio resources) of the test cell. Here, the transmission
capacity is assumed to be discretized into small but equal
portions. Each portion is called a capacity unit (CU). The
real-time constant-rate traffic has preemptive priority over
the non-real-time available-rate traffic, and can occupy up to
Cc CUs out of the total capacity. The bandwidth require-
ment of each admitted constant-rate call in CU is denoted by
vc. The leftover resources in the test cell are equally shared
among all the admitted available-rate users. The amount of

Constant-ratm\

Cco

o

Available-rate traffic

Fig. 3. The resource allocation scheme.

resources received by each available-rate user in CU,
denoted by vy,, is therefore time-varying, depending on
the numbers of the admitted constant- and available-rate
users, respectively, at the instant. When the system has a
high traffic load, this amount may drop to such a low level
that any available-rate connection will suffer dramatic
performance degradation. This phenomenon is called over-
load event. Let vy denote the critical amount of capacity
below which severe performance degradation occurs to the
admitted available-rate users. The overload probability for
available-rate users, P,,, which is defined as the probability
that y, is less than 7y, is @ QoS measure that should be
considered for the available-rate calls, in addition to the call
blocking and dropping probabilities.

3. The proposed CAC policy

The proposed CAC policy consists of two LFGCPs, one
for the constant-rate calls and the other for the available-rate
calls. The LFGCP is chosen because (i) the policy is simple
to implement, and (ii) given certain QoS requirements, the
CAC policy parameters can be determined in a systematic
way. The proposed policy can be denoted by
{g[ng’MC,g?:’MA}, where Te < Mc, Ty < My, Mc (M}) is the
maximum number of total constant-rate (available-rate)
users allowed in the cell, T¢ (T,) is the number of admitted
constant-rate (available-rate) users over which no new
constant-rate (available-rate) calls are accepted, B¢ (Ba) is
a constant denoting the probability of accepting a new
constant-rate (available-rate) call when the number of
constant-rate (available-rate) users admitted in the cell is
Tc (T4). Let i (j) denote the current number of admitted
constant-rate (available-rate) users. The policy can be
summarized as follows: (i) a new constant-rate (available-
rate) call is always accepted if i < T¢ (j < T,), is accepted
with probability B¢ (Ba) if i = Tc (j = Ty), and is always
rejected if i > T (j > T4), and (ii) a handoff constant-rate
(available-rate) call is always accepted if i < M¢ (j < M,y).
The two LFGCPs are related to each other as the constant-
and available-rate users share the total capacity C. The
correlation of the policies is captured in the calculation of
the overload probability for the admitted available-rate
users and in the process of determining the policy parameter

set {Mc, Tc, B, Ma, Ta, Ba}-
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Fig. 4. The state diagram for a system with LFGCP.

Given the parameter set of the CAC policy, the traffic
model for the numbers of constant- and available-rate
users, respectively, in the cell can be decoupled, each
being represented by a Markov chain, as shown in Fig. 4,
where the subscript C or A is omitted. Let B¢ (B,a) and B¢
(Bya) denote the new call blocking probability and handoff
call dropping probability, respectively, for the constant-rate
(available-rate) users. From the Markov chain shown in Fig.
4, it can be derived that the steady-state probabilities of the
constant-rate calls are

i
B pe0),

pelac + (1 — ac)Bcl
; Pc

pc() =
i!

0),

pelac + (1 — ac)ﬁc]achil

i!

l:TCJFI s

pc0), Te+2=i=Mc

ey

where Pc = ()\C + hc)/ﬂc, ac = hc/()\c + hc), and pC(O) is
a normalization constant given by

pe(0) = < pe pE o + (1 = ac)Bc]
2kl (Te + 1)
1 -1
n & pelac+ - ac)Bc]a]é Teml ]
k=Tc +2 k!

The new call blocking probability and handoff call dropping
probability for constant-rate calls in the cell can then be
derived as

Mc
By = (1 = Bo)pc(Te) + D> pel), )
i=Tc +1
Bnc = pc(Mc). (3)

Egs. (1)—(3) can be used to calculate the steady-state prob-
abilities and blocking performance of available-rate calls by
simply replacing i with j and the subscript C with A.

The other QoS of interest is the overload probability P,
for available-rate calls. By following the approach similar to
that used in Ref. [3], the overload probability can be derived
as

PoA

>

rEAR Nr<yqa

Prlys =], “4)

where
> peliyipali)
(ij)EA
Prlyy = rl = =5 :
D kepath)
k=0

Ag is the set of distinct values in

{

and Ag is the set of all combinations of i (0 =i = M) and j
(0 =j=M,) such that (C — iyo)j=r.

0=i=M osJSMA},
J

4. Search for the CAC policy parameters

The parameter set {Mc,Tc,Bc,Ma,Ta,Ba} will be
determined based on not only the optimization approach
but also the specification of soft QoS levels. Let Q¢ (Ona)
and QOyc (Ona) denote the required upper bounds of the new
call blocking probability for the constant-rate (available-
rate) users, handoff call dropping probability for the
constant-rate (available-rate) users, respectively; let Q,a
denote the required maximum overload probability of avail-
able-rate calls. The optimization problem can be formulated
as follows:

Given: the new call arrival rates {Ac, A, }, handoff arrival
rates {hc, hy }, service rates { uc, ia }, QoS requirements

{Oncs Onas Ones Ona s
Objective: find the minimum M and M, such that

BnC = QnC’ BhC = Qth BnA = QnA’

Bha = Opa-

Minimizing the values of Mc and M, under the QoS
constraints helps to bring down the service cost since the
cost of building a base station is proportional to the numbers
of the constant- and available-rate users that it can support.
In addition, a certain level of overload probability for
admitted available-rate users should be guaranteed. For a
given total capacity C, because the available-rate calls are
of low priority in the system, the suggested upper bound for
the overload probability cannot be guaranteed if the
constant-rate traffic load is high. In this case, it may be
necessary to make a compromise in service quality between
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Table 1

Experimental parameters used in Example 1

e Ma Ac he Aa ha Ce C Ul ul Ya Oic Orc Ona Oha Oon
10 10 [20,400] [20,400] 130 70 5 250 1.25 1.25 1 107? 107" 0.2 0.02 0.01

the constant- and available-rate traffic. One possible
approach is to introduce soft QoS to constant-rate traffic.
By specifying a soft QoS level as well as a target one for
the new and handoff calls of the constant-rate traffic, a
certain overload probability can also be guaranteed to any
available-rate call for most of the time. Especially, let

05 = M Oncs Q)
Ovc = M Oics 6)

where 1, > 1 and 1, > 1, and the superscript S or T is used
to indicate whether the QoS requirement is the soft or the
target one for the constant-rate calls. With both the optimi-
zation approach and soft QoS for the constant-rate calls, the
parameters of the CAC policy can be determined using
Algorithm CAR given in the following, where MinM(-)
represents a call to Algorithm Min M:
Algorithm CAR

1. (ME, T¢, BE) = MinM(Qpc.Orc);
2. (M2, T, BE) = MinM(Qpc.Che):
3. (My, Ta, Ba) = MinM(Qa, Ona)s
4. if Mdye > C
return (‘Error: The QoS requirements can
never be fulfilled with current resources.’)
else .
if QoA < PoA(ngg%MT’ g?:?MA)
{return(Mg, ¢, Be, Ma, Ta, Ba))
else {return(M(Tj, Tg, BE, Mp,Ta,Ba)}s

ar AT
Bnc with an

l
l N
w [&,]

Iog10 of Plrobability
w
[$,]

Fig. 5. New call blocking probability for constant-rate calls with target
QoS.

The algorithm is to find a set of suitable parameters of
each LFGCP which can satisfy the specified new call block-
ing probability and handoff call dropping probability
requirements with the minimum M or M, value. The func-

tion P,, A(g?g’ M g?: u,) returns the overload probability when

g%f v and g[;i u, are chosen as the CAC policy for constant-

and available-rate calls, respectively. Finally, Algorithm
CAR returns a hextuple (Mc,Tc,Bc:Ma,Ta,B4), which
completely specifies the CAC policy. The use of the soft
QoS is signified in step 4, which indicates that if the over-
load probability bound is violated by the achievement of the
target QoS requirements for the constant-rate calls, soft QoS
requirements will be adhered to.

Algorithm Min M [2], e.g. for constant-rate calls, can
be represented as

Algorithm Min M

2. while B,c (Mc,Mc,0) > Quc {Mc= M + 1};
3. if Mc > Mcpmax {return(‘Error’)};

4. if th (Mc,Mc,O) = th {return(Mc,Mc,O)};
5. U=Mc, L=0; x= (U + L)/2;

6. while B,c (Mc,Int(x),Frac(x)) > Q,c XOR

Bic (M, Int(x),Frac(x)) > Onc
{if B,c (Mc,Int(x),Frac(x)) > Q,c
{L=x;x=U+ L)I2}
else if Byc (Mc,Int(x),Frac(x)) > Oy c
{U=x;x=U+ L)2}};
7. if B,c (M, Int(x),Frac(x)) = Q,c AND
Bic (Mc,Int(x),Frac(x)) = Onc
{return(Mc,Int(x),Frac(x))}
8. else {Mc= M + 1; goto step 3};

where B,c (Mc,Tc,Bc) (Bue(+)) is the function that calculates
the new call blocking probability (handoff call dropping
probability) of LFGCP g[TSE,MC, and the functions Int(x) and
Frac(x) return, respectively, the integer part and the frac-
tional part of the number x. Note that step 3 of the algorithm
returns an error, when no practical value of M can be found
to fulfill the QoS requirements specified by Q,c and Qyc.
The value of Mcyax in step 3 is the physical limit of the
number of calls that any radio cell can support.

5. Numerical examples
The performance of the proposed CAC policy with

Algorithm CAR will be demonstrated by the following
two examples under various traffic conditions.
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Fig. 6. New call blocking probability for constant-rate calls with soft QoS.

Example 1. In this example, the parameters of the avail-
able-rate traffic load (A, and h,) are fixed, while the para-
meters of the constant-rate traffic load (A¢ and hc) are
allowed to vary. Table 1 gives the system parameters
used. Numerical analysis indicates that B, is fixed at
0.18216 and By, at 0.01104. The probabilities are constant
because A, and &, are constant. Note that both blocking
probabilities meet the QoS requirements. This is for
g?AA,MA with M, =23, To =20 and B, =0.8438. As the
values of A¢ and hc change, the LFGCP parameters for
the constant-rate calls also change. Other system QoS para-
meters under the control of the proposed CAC policy are
plotted in Figs. 5-9. It can be observed that:

(i) For the constant-rate calls, the new call blocking prob-
ability is below the specified target upper bound Qn
when the traffic load is low. However, as the traffic load

|
E-N

log 10 of Probability
|

Fig. 7. Handoff call dropping probability for constant-rate calls with target
QoS.
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Z
3
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Fig. 8. Handoff call dropping probability for constant-rate calls with soft
QoS.

(hc and Ac) increases, the target upper bound for the new
call blocking probability no longer holds. On the other
hand, with the introduction of the soft QoS, the CAC
policy can guarantee the target upper bound, Q. in a
low traffic load condition and the soft upper bound,
0. in a heavy traffic load condition. Note that without
introducing the soft QoS to the CAC policy, the soft
upper bound, QS cannot be guaranteed automatically.
(i1) Similar to the new call blocking probability, for the
constant-rate calls, the target upper bound, QhTC, for hand-
off call dropping probability is guaranteed in a low traffic
load condition and is violated when traffic gets heavier,
although the soft QoS (05 is always precisely
maintained.

(iii) For the available-rate calls, the overload probability
changes with /¢ and A 5, even though A 4 and A, are fixed.

Fig. 9. The overload probability for available-rate calls and the required
upper bound.
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Table 2

Experimental parameters used in Example 2

e A Ac he Aa ha Ce c ul ul Ya O One Ona Oha Qo
10 10 200 100 [20,300] [20,300] 5 250 1.6 1.6 1 107° 107" 0.2 0.02 0.01

When the traffic load is low (small A¢ and h¢ values), Pyp
can stay below the QoS bound (Q,4) most of the time.
However, as A¢ and/or A¢ increases, the QoS requirement
for the data calls cannot be met. Other numerical results
show that the overload probability is indeed reduced by
introducing the soft QoS to the constant-rate calls in the
heavy traffic load condition. Given C and Cg, as the traffic
load increases, the available-rate calls definitely will
experience degraded QoS (e.g. the increased overload
probability) because the available-rate calls have a
lower priority than the constant-rate calls.

Example 2. In this example, the traffic load parameters A
and hc are fixed while A, and £, are allowed to vary. The
system parameters are given in Table 2. The system QoS
parameters under the control of the proposed CAC policy
are plotted in Figs. 10—14. The following observations can
be made:

(i) Because Ac and h¢ are constant, there are only two
possible values for the new call blocking probability of
the constant-rate calls, B,c, one to satisfy the target QoS
(Q,TC) and the other, the soft QoS (Q,?C). The target upper
bound for the blocking probability (log;o QEC =-3)1is
satisfied when the traffic load is low. As the traffic load
increases, the upper bound cannot be guaranteed any
more and the CAC policy tries to satisfy the soft upper
bound. The introduction of soft QoS works well as the
soft upper bound (log,, Q5 = —2.8) is guaranteed in the
heavy traffic load situation. Similarly, the handoff call

BnC

of Probability
N
©

|
N
©
o

log,o

" 300

Fig. 10. New call blocking probability for constant-rate calls.

6.

dropping probability for the constant-rate calls has two
possible values. The target upper bound for the handoff
call dropping probability (log;, Qpc = —4) is guaranteed
in the light traffic condition and the soft upper bound
(logy Ob- =~ —3.8) is ensured in the heavy traffic load
condition.

(ii) For the available-rate calls, the QoS requirements for
both new and handoff calls are always maintained under
the traffic load considered.

(iii) As to the overload probability of the available-rate
calls, in the low to medium traffic conditions, the QoS
requirement (log;y Q,o = —2) can be met most of time. It
is only when both the available-rate arrival rates (A, and
hy) have a large value that the QoS requirement is
violated. Under the traffic load condition, the overload
probability would have a higher value if soft QoS were
not introduced to the constant-rate calls. As the constant-
rate traffic has a higher priority than the available-rate
traffic, given C and Cg, the overload probability increases
with the traffic load. The soft QoS to the constant-rate
calls can mitigate the QoS degradation of the available-
rate calls to a certain extent. If the traffic load further
increases, more resources (higher C and C¢ values) will
be required to meet the QoS requirements of both the
constant- and available-rate calls.

Conclusions

A CAC policy for wireless networks with constant-rate

voice and available-rate data traffic has been proposed. The

of Probability
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Fig. 11. Handoff call dropping probability for constant-rate calls.
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Fig. 12. New call blocking probability for available-rate calls with required
QoS.

optimal parameters of the policy can be found using the
proposed Algorithm CAR, which incorporates soft QoS
for the constant-rate calls in order to improve the QoS of the
available-rate calls in a heavy traffic load environment.
Numerical results demonstrate that the proposed CAC
policy can meet all the QoS requirements under most traffic
conditions. This indicates the robustness of the proposed
CAC policy and Algorithm CAR, and demonstrates the
benefit of their deployment in a network supporting both
voice and data traffic.

The objectives of CAC in wireless systems are to guar-
antee QoS to mobile users and to achieve a high resource
utilization efficiency. To achieve the two objectives simul-
taneously is technically very challenging due to limited
radio spectrum, user mobility, and heterogeneous nature
of multimedia traffic. Soft QoS is one approach for a

B A withQ

y
A
®

Iog10 of Probabilit:
| U

-2.6-
300 T

Fig. 13. Handoff call dropping probability for available-rate calls with
required QoS.

P, with QoA

of Probability
10 I 1 1
e _» 7

log
A

Fig. 14. The overload probability for available-rate calls and the required
upper bound.

compromise between the two objectives. In-depth numeri-
cal analysis is necessary to demonstrate the benefits of soft
QoS and to ensure the balance between QoS provisioning
and resource utilization. This research presents an example
in such investigation.
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