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Abmuct- Traditional CAC schemes that mainly focus on the 
trade off between new call blocking probability and handoff call 
blocking probability can not solve the problem of congestion in 
wireless networks. In this paper we investigate the role of pricing 
as an additional dimension of the call admission control process in 
order to efficiently and effectively control the use of wireless net- 
work resources. First we prove that for a given wireless network 
there exists a new call arrival rate which can maximize the total 
utility of users. Based on this result and observation we propose 
an integrated pricing and call admission control scheme, where the 
price is adjusted dynamically based on the current network condi- 
tions, in order to alleviate the problem of congestion. We compare 
the performance of our approach with the corresponding results of 
conventional systems where pricing is not taken into consideration 
in the call admission control process. These performance results 
verify the considerable improvement that can be achieved by the 
integration of pricing in the call admission control process in cellu- 
lar networks. 

Keywords-Call Admission Control, Pricing, Wireless Networks 

1 Introduction 

HE rising demand for mobile communication services is T increasing the importance of efficient use of the limited 
bandwidth and frequency spectrum. In recent years considerable 
efforts have focused on the Channel Allocation and Call Ad- 
mission Control (CAC) problems and many schemes that range 
from static to dynamic strategies have been proposed in liter- 
ature [3, 61. Call Admission Control is a provisioning strategy 
used to limit the number of call connections into the networks in 
order to reduce the network congestion and provide the desired 
Quality of Service (QoS) to users in service. 

New call blocking probability and handoff call blocking prob- 
ability are two important connection level QoS parameters. 
Handoff calls are commonly given a higher priority since a call 
being forced to terminate during the service is more annoying 
than a call being blocked at its start. Various handoff priority- 
based CAC schemes have been proposed in literature including 
Guard Channel Schemes, Queuing Priority Schemes and Chan- 
nel Borrowing Schemes. These research efforts have focused 
on how to adjust the tradeoff between new call blocking prob- 

ability and handoff call blocking probability. Within a certain 
dynamic range of call arrival rate, these schemes can improve 
the system performance. However, we can observe from the re- 
sults presented by these research efforts that with the increase of 
call arrival rate, both the new call blocking probability and the 
handoff call blocking probability increase. When the call arrival 
rate is temporarily very high (for example in busy hours), no 
matter how the parameters are adjusted, these schemes can not 
guarantee the QoS to users. 

The main reason of degradation of QoS stems from the fact 
that resources in a wireless network, such as timeslots, code 
and power, are shared by all the users. When one user is ad- 
mitted into the network, it will cause QoS degradation to other 
users. In general we can observe that the most serious QoS vi- 
olation occurs when the system is congested. However, the cur- 
rent CAC schemes can not avoid congestion, because they do 
not provide incentives for users to use the channel resources ef- 
fectively. In broadband networks, pricing schemes are widely 
discussed as means for traffic management and congestion con- 
trol [l, 41. Through pricing, the network can send signals to the 
users, providing incentives that influence their behavior. This 
provides another dimension for the design of CAC schemes that 
can be used in wireless networks as well. In this paper we inte- 
grate pricing with CAC to address the problem of congestion. 

The remaining of this paper is organized as follows. Section 2 
provides the description of the proposed integrated pricing and 
call admission control scheme, while section 3 includes the per- 
formance evaluation of our proposed approach and scheme. 

2 Integrating Pricing and Call Admission Con- 
trol 

Network users act independently and sometimes “selfishly”, 
without considering the current network traffic conditions. 
Hence system overload situations are unavoidable. If each user 
requests the resources that maximize hisher individual level of 
satisfaction, the total utility of the community will decrease, so 
that there must be some mechanism to provide incentives for 
users to behave in ways that improve overall utilization and per- 
formance. In commercial networks, this can be most effectively 
achieved through pricing. 
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Network pricing has recently been embraced by researchers in 
the multi-service broadband networks [ 1,4] not only as an eco- 
nomic issue and element, covering the infrastructure expenses 
and operational expenses through charging the end users, but 
also as a resource management issue. The aggregate traffic load 
on a wireless network is the result of many users' individual de- 
cisions about whether and how to use the network, and these 
decisions are affected by the incentives these users encounter 
when using the resources of a wireless network. These incen- 
tives can take many forms; one of the most important incentives 
is the monetary incentive [ 11-raising unit price that could make 
some of the users request less resources. 

2.1 Optimal New Call Arrival Rate 

If we consider the wireless network resources as a public 
good, the best policy to share this good is the one that can max- 
imize the total user utility [4]. In terms of economics, utility 
functions describe users' level of satisfaction with the perceived 
Quality of Service [l, 41; the higher the utility, the more sat- 
isfied the users. In general, utility function characterizes how 
sensitive users are to the changes in QoS. It is sometimes use- 
ful to view the utility functions as of money a user is willing to 
pay for certain QoS. Some utility functions have been suggested 
in literature in order to model customer behavior and evaluate 
pricing policies. For example, in [I], Cocchi et ul. proposed 
utility function for Email applications to be a decreasing func- 
tion of both average delay and the percentage of messages not 
delivered within a delay bound of five minutes. In this paper we 
define utility function as function of call blocking probabilities, 
which represent the main QoS metrics in cellular networks 

In this section, we prove that there exists a new call arrival 
rate where the total user utility is maximized and therefore the 
network resources are optimally utilized. We consider a wire- 
less network that carries out Guard Channel CAC scheme; the 
arrival process of new calls is assumed to be Poisson and the 
channel holding time is assumed to have negative exponential 
distributions. The parameters of the system are given, includ- 
ing the total number of channels, the number of guard channels, 
the average new call channel holding time and average handoff 
call channel holding time, so that the performance of the sys- 
tem depends on the new call arrival rate (A,) and handoff call 
arrival rate (Ah) [3]. Lin er al. also proved in [6] that handoff 
call arrival rate is a function of new call arrival rate and other 
system parameters. Therefore, in the following we study how 
the total utility changes with the change of new call arrival rate. 
Our analysis is based on the following definitions, observations 
and assumptions. 
Definition 1. We define the average number of admitted users 
( N )  as a function of new call arrival rate, i.e. N = f(A,). 
f (A,) is a differentiable and monotonically increasing concave 
function of A, [5]. Therefore: 

Definition 2. We define the Quality of Service metric Pb as a 
weighted sum of new call blocking probability ( p n b )  and hand- 

off call blocking probability (Phb): 

pb = f f p n b  -k PPhb (2)  

where a and p are constants that denote the penalty associated 
with rejecting new calls and handoff calls respectively, with /3 > 
a to reflect the higher cost to block a handoff call. Because both 
P,b and Phb are monotonically increasing convex functions of 
A, [5],  Pb is also a monotonically increasing convex function of 
A,. 

Pb = g(A,) with (3) 
g ( M  > 0; d(A, )  > 0; g"(A,) > 0 (4) 

In the following, we describe the general properties and charac- 
teristics of the user utility function. As mentioned before, utility 
function models network users' preference. We argue that when 
Pb increases, users will suffer more call blockings and the level 
of user satisfaction decreases. We also note that when Pb is 
small, the satisfaction degradation caused by the increase of Pb 
is not significant; as Pb becomes large, the satisfaction degra- 
dation will be substantial. Therefore, throughout this paper we 
make the following assumption: 
Assumption 1. The utility function of a single user (U,) is a 
differentiable and monotonically decreasing concave function of 
the QoS parameter Pb. That is: 

U, = h(Pb) with (5)  
/&(Pa) > 0; h'(%) < 0; h"(Pb) < 0 (6)  

Note that U, achieves maximum value at Pb = 0, which 
means that if the blocking probability is 0% the user has the 
highest level of satisfaction. Moreover, although different ap- 
plications may have different QoS requirements and therefore 
different utility functions, without loss of generality we can as- 
sume that there exists a ,Tax such that U,(%) = 0 for all 
Pb 2 PbmaZ. This means that when call blocking probability 
is very high, the user satisfaction is zero. In a realistic wireless 
system P r a x  represents the threshold value (maximum) of Pb 
that can be tolerated so that the Quality of Service is considered 
acceptable. Based on the above definitions and assumptions we 
can prove the following theorem: 
Theorem 1 For a given wireless network, there exists an optimal 
new call arrival rate that maximizes the total utility U ,  where U 
is defined as: 

U = N x U, = ma) x h[g(A,)] (7) 

Pro05 (i) 

V(A, = 0) = 0 (8) 

This is the case that no user is in the system, i.e. N = 0, hence 
the total utility is zero; 

(ii) 

U(A,  = = 0 (9) 

where Arax is the new call arrival rate that satisfies g(Arax) = 
Ppaz ,  at which point single user's utility becomes zero. This 
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corresponds to the case that the network is congested because 
a large number of users are competing for the limited channel 
resources and as a result no user is satisfied with the QoS. 

(iii) From the above definitions and assumption, we have 

- < O  
dAZ, 

which means that U is a concave function of new call arrival rate 
An. 

From (i) (ii); and by Rolle Theorem we conclude that: 

Combining this result with equation (lo), we can sufficiently 
0 

It should be noted here that maximum total user utility also 
means that channel resources are most efficiently utilized. When 
A, < A i ,  users can get a better quality than their QoS require- 
ments, but some channel resources are wasted and from the per- 
spective of the service provider, this means less revenue. On the 
other hand, when A, > A:, a large number of users are blocked 
when trying to initiate their calls or when trying to handoff to 
another cell in the middle of a call, which means that the QoS 
degrades and may become unacceptable. In this case, although 
on average, more channels are used, because of the increasing 
handoff failures, it is hard for a user to finish hisher call suc- 
cessfully and as a result the “effective” utilization of channel 
resources is low. Therefore, we can say that A, = A i  is a point 
where the number of satisfied users is maximized and channel 
resources are most efficiently used. When A, > A i ,  both the 
total user utility and the QoS decrease with any further increase 
of A, and we may say that the cell enters the congestion state. 
From the view point of QoS guarantee, it is ideal for a system to 
operate at the optimal traffic load (Ah) or below. 

ensure a maximum of U at A, = A:. 

2.2 System Model 

In current wireless networks users are charged with fixed rate 
or based on the time of the day. The major advantage of these 
schemes is that the billing and accounting processes are simple. 
However, the price is independent of the current state of the net- 
work. Such systems can not provide enough incentives for users 
to avoid congestion, and furthermore can not react effectively to 
the dynamic and sometimes unpredictable variation of the net- 
work usage and conditions. This paper proposes a new scheme 
which integrates the congestion pricing with call admission con- 
trol to address this problem. Figure 1 provides a schematic rep- 
resentation of the proposed approach and model. 

The system is composed of two functional blocks: Pricing 
block and CAC block. Here we use a guard channel scheme at 
the CAC block. The pricing block works as follows: when the 
traffic load is less than the optimal value, A, < A i ,  a normal 
price is charged to each user. The normal price is the price that is 
acceptable to every user. When the traffic load increases beyond 
the optimal value, dynamic peak hour price will be charged to 
users who want to place their calls at this time. It should be 

Handoff Call 
phb t Blmkine 

Figure 1. Integration of pricing scheme with call 
admission control 

noted here that according to our scheme the decision about the 
peak hour fee is based on the network conditions. This means 
that the price is continuously and dynamically adjusted accord- 
ing to the changes in the system condition as the system evolves. 
During the period that dynamic peak hour price is charged to 
users, if some users are not willing to accept the extra charge, 
they will choose not to place their calls at this time. These users 
can make their calls later when the network conditions change 
and the price decreases. This generates another traffic stream to 
the pricing block-the retry traffic, whose arrival rate is denoted 
by A, in figure 1. 

2.3 Setting Price According to Traffic Load 

We define the system function of pricing block ( H ( t ) )  as the 
percentage of the incoming users that will accept the price at 
timet, i. e. 

(12) 

where Ai,(t) is the rate of input traffic to CAC block. The con- 
gestion pricing block should be designed in such a way that by 
adjusting H ( t )  according to current traffic condition, A a ( t )  al- 
ways meets the following requirement: 

( A n ( t )  + A r ( t ) ) H ( t )  = Ain(t )  

Ai , ( t )  L A:, (13) 

where A: is the optimal new call arrival rate we obtained in 
section 2.1. This requirement guarantees that the cell will not 
be congested and therefore the quality of service of the callers 
in service can be guaranteed. 

As mentioned before, monetary incentive can influence the 
way that users use resources and is usually characterized by 
demand functions. Demand function describes the reaction of 
users to the change of price. Different demand functions have 
been proposed in literature. In this paper we use the following 
demand function [2]. 

D b ( t ) ]  = e- ($+I2 P ( t )  1 Po (14) 

where po is the normal price, p ( t )  is the price charged to users at 
time t which is the sum of normal price and extra peak hour price 
(if applicable). D[p(t)] denotes the percentage of users that will 
accept this price. The control function of H ( t )  is realized by 
users’ reaction to the current price, therefore we have: 

H ( t )  = Db(t)l (15) 
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Combining equations (12) through (15) we have 
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This is the price that should be set at time t in order to obtain the 
desired QoS. 
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3 Performance Analysis 

In this section we evaluate the performance of the proposed 
integrated pricing and call admission control in te? of con- 
gestion prevention. We observe that our proposed integrated 
scheme achieves to alleviate the system congestion occurrences 
and meet the QoS requirements of the users in service, while 
other conventional CAC schemes fail to do so. 

In section 3.1 we describe in detail the basic assumptions 
about the system under consideration. In section 3.2 we com- 
pare the results of conventional guard channel scheme and the 
proposed integrated scheme. 

3.1 Model and Assumptions 

The parameters used throughout our performance evaluation 
are as follows: 

(1). Each cell is assigned C = 40 channels, and 2 of them are 
used as guard channels. 

(2). Each call requires only one channel for service. 

(3). The arrival of new calls initiating in each cell forms a Pois- 
son process with rate An( t ) .  The variation of new call 
arrival rate during a 24-hour period used through out our 
study is shown in figure 2. 

(4). For both new calls and handoff calls, the call duration times 
are exponentially distributed with mean 240 seconds, and 
the cell dwell times are also exponentially distributed with 
mean 120 seconds. 

(5). Parameters a and p in equation (2) are set to be 5 and 2 
respectively, which means that we treat handoff calls twice 
more important than new calls. 

(6). In the following numerical study, we use the following util- 
ity function 

The optimal new call arrival rate for this system is A: = 
0.12 calYsec and at this point the QoS metric is Pb = 1% 
Based on the analysis in section 2.1, this is the optimal op- 
eration point of the system in the sense that at this point, 
the total user utility can be maximized given that the QoS 
requirement (e. g. Pb 5 0.01) is met. 

0 18 

0 14 - 

Figure 2. Input new call arrival rate as function of 
time 

- 1  I 

Figure 3. Call blocking probability of conventional 
system 

3.2 Numerical Results and Discussion 

Figure 3 shows the results of conventional system that do not 
use pricing in the call admission control process to control the 
traffic. From this figure, we can find that when traffic load is 
heavy (e. g. in noon hours), Pb can be as high as 4.2%. This 
values is far beyond users' minimum QoS requirement 1%, and 
therefore we can conclude that cells are seriously congested dur- 
ing this period. 

The corresponding results of the proposed scheme are shown 
in figures 4 through 6. Figure 4 shows how the price is adjusted 
according to the change of offered traffic load. For the given new 
call arrival variation, when the offered traffic load into the pric- 
ing block is more than the optimal new call arrival rate (6:30AM 
to 11:OOPM in figure 4(a)), the ratio p ( t ) / p o  becomes more than 
1, which means that the pricing mechanism comes into effect 
and the peak hour prices are charged to users. The heavier the 
traffic load, the higher the price, so that the less the percentage 
of users that would like to access the network, as suggested by 
equation (16). In our scheme, there is no central control mecha- 
nism to determine which user can access the channel resources. 
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Figure 4. Set price according to traffic condition 

Each base station just sets the price according to current traf- 
fic load of the cell, and it is the individual user’s decision on 
whether to accept this price or not that controls the input traf- 
fic load to the system at this time. This implicitly implements 
a distributed user-based prioritization scheme where the priority 
is set by user’s reaction to current price. 

Figure 5 shows the traffic rates at different points of the sys- 
tem.From this figure we observe that the inputs to the CAC block 
are always lower than the optimal rate, i. e. Xin(t) < A i ,  which 
means that the cell is not congested. The reason is that we adjust 
the price based on the user demand function and current traffic 
load (equation (16)) so that the price is always set to the ap- 
propriate value to guarantee that the traffic rate going through 
the pricing block is less than the optimal value. This result 
is justified by figure 6. From this figure we observe that the 
weighted call blocking probabilities are always lower than 1%, 
which means the QoS of the users who accept current price can 
be guaranteed. Comparing figure 5 with figure 2 we observe that 
our pricing block works like a traffic shaper, which can “move” 
part of the peak hour (630AM to 6:OOPM in figure 5 (a)) traffic 
to relatively idle hours that follow the peak (6:OOPM to 11:OOPM 
in figure 5 (a)). The traffic being “moved” is composed of users 
that will not accept peak hour price. 
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Figure 5. Traffic rates at different points 
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