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Abstract: Adaptive bandwidth allocation is becoming more attractive in wireless 
communications since it can dynamically upgrade or degrade the allocated bandwidth of 
ongoing calls to cope with the network resource fluctuation. In this paper, we propose a 
utility-based adaptive bandwidth allocation scheme for multi-class traffic in wireless networks. 
Our scheme allocates bandwidth to ongoing calls according to their utility functions so that 
the total achieved utility of each individual cell is maximized. Since the bandwidth allocation 
should be performed in real-time to support the highly-varying resource availability, our 
algorithm has been designed with low computational complexity. Simulation experiments are 
carried out to evaluate the performance of the proposed scheme. Results show that our 
adaptive bandwidth allocation scheme is effective in both achieving maximum cell utility and 
reducing the call blocking probability and call dropping probability of wireless networks. 
Keywords: multi-class traffic, utility function, bandwidth adaptation, MCKP. 
 
1. INTRODUCTION 
  

Recently there has been great demand for multi-class traffic especially bandwidth-
intensive multimedia traffic in wireless communications making Quality of Service (QoS) 
provisioning more and more important. However, due to channel fading and resource 
fluctuation, providing QoS in wireless networks is more challenging than their wired 
counterpart. Although the effect of channel fading can be improved with rich-function 
transmission and reception systems, user mobility (e.g. handoff) may cause severe fluctuation 
of network resource availability. 

Adaptive bandwidth allocation is one of the promising methods to cope with resource 
fluctuation in wireless networks. The concept of adaptive bandwidth allocation was originally 
introduced in wired networks to overcome network congestion. More recently, some adaptive 
bandwidth allocation schemes have been proposed for wireless communications. El-Kadi et al. 
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[1] presented a rate-based borrowing scheme for multimedia wireless networks. In the case of 
insufficient bandwidth, in order not to deny service to requesting calls (new or handoff), 
bandwidth is borrowed on a temporary basis from existing calls. Although the scheme is 
adaptive, it does not include a quantitative measure of the importance of different calls. In [2], 
a bandwidth adaptation scheme has been introduced to provide QoS in wireless networks. The 
scheme used quality satisfaction curves, which capture the human perception of service 
quality provided by the network, to achieve global fairness and quality satisfaction among 
competing calls within each cell. In [3], the authors have proposed an adaptive resource 
management architecture and a revenue-based rate adaptation algorithm that seeks to 
maximize the network revenue; however the message overhead of the algorithm is high. In [4], 
the bandwidth adaptation was formulated as a binary linear integer programming problem and 
a heuristic algorithm was designed to allocate the bandwidth of a terminated call to ongoing 
calls maximizing the user-perceived QoS satisfaction. All the above bandwidth allocation 
schemes work with adaptive traffic and some apply a quantitative measure (e.g. QoS 
satisfaction curve which maps bandwidth to user satisfaction) to allocate bandwidth. 

This paper presents a utility-based adaptive bandwidth allocation scheme for multi-class 
traffic including both adaptive and non-adaptive traffic in wireless networks. In our scheme, 
bandwidth adaptation is decomposed into two processes - bandwidth upgrades and bandwidth 
degrades. The network dynamically adjusts the allocated bandwidth of ongoing calls to 
achieve the maximum utility for each individual cell. 

The paper is organized as follows. Section 2 describes three classes of traffic and their 
utility functions used in our study. In Section 3, we formulate the bandwidth adaptation 
problem. Our bandwidth adaptation algorithm is proposed in Section 4. Sections 5 presents 
the simulation model and numerical results. Concluding remarks are given in Section 6. 
 
2. TRAFFIC CLASSES AND THEIR UTILITY FUNCTIONS 
 

Before describing traffic classes, the concept of utility function needs to be introduced. 
Utility functions are curves mapping resources received by applications to their performance 
as perceived by the user. They are monotonically increasing but not necessarily strictly 
monotonic; in other words, more resource should not lead to degraded application 
performance. The shape of the utility function varies according to the adaptive characteristics 
of the traffic. In this paper, motivated by Shenker’s observations [5] three classes of traffic 
with appropriate utility functions are studied. 
 

2.1. Elastic Traffic 
Elastic traffic has no minimum bandwidth requirement (i.e. the minimum bandwidth 

requirement is 0). Examples include some traditional data traffic such as email, file transfer, 
and remote terminal access which are rather tolerant of delays. For elastic traffic, there is a 
diminishing marginal rate of performance enhancement as bandwidth is increased, so their 
utility function is strictly concave everywhere [5]. The following utility function can be used 
to model elastic traffic: 
 

( ) 1 max

k b
bu b e
⋅

−

= −  
 

Variable b is the actual allocated bandwidth. Constant k  is a positive parameter and maxb is the 
maximum bandwidth requirement; they can be defined together by the user to obtain utility  
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Fig. 1. Multi-class traffic utility function. 

 
functions with various shapes and ensure that when maxb b= , ( ) 1u b ≈ . The general shape of 
elastic traffic utility function is depicted in Fig. 1 (a). 
 

2.2. Adaptive Traffic 
Adaptive traffic has an intrinsic bandwidth requirement; when the bandwidth becomes 

smaller than the intrinsic value, the performance drops sharply. The marginal utility of 
additional bandwidth is very slight at both high bandwidth and low bandwidth; the utility 
function is convex at low bandwidth values. Typical examples of adaptive traffic include 
audio and video applications. The adaptive traffic utility function is modelled as follows: 

 
2

1

2( ) 1
k b
k bu b e

−
+= −  

 

Variable b is the actual allocated bandwidth. Constants 1k and 2k are positive parameters; 
similar with elastic traffic, users can define 1k and 2k  to change the shape of the utility 
function and ensure that when maxb b= , ( ) 1u b ≈ . A similar modelling of adaptive traffic can 
also be found in [6]. Its utility function takes the shape shown in Fig. 1 (b). 
 

2.3. Hard Real-time Traffic 
Hard real-time traffic has strict bandwidth requirements. To perform acceptably, a 

minimum bandwidth minb  has to be allocated; more bandwidth allocation beyond minb  will not 
lead to performance enhancement. For the admitted hard real-time traffic, any bandwidth 
degradation will cause its utility drop to zero. The following utility function is used to model 
hard real-time traffic: 

 

1, when 
( )

0, when 
min

min

b b
u b

b b
≥

=  <
 

 

Variable b is the actual allocated bandwidth and minb is the minimum bandwidth requirement. 
The utility function takes the shape like Fig. 1 (c). 

 
3. BANDWIDTH ADAPTATION 
 

We consider a general mobile cellular network model consisting of three classes of traffic 
including elastic traffic, adaptive traffic and hard real-time traffic. All calls belonging to the 

881



same traffic class are assigned to the same utility function as described in Section 2. 
Bandwidth adaptation is decomposed into two processes - bandwidth upgrades and bandwidth 
degrades; they are performed based on each individual cell which has fixed bandwidth 
capacity denoted byB . 
 

3.1. Bandwidth Upgrades 
Assume that in an overloaded cell when a call is terminated due to its completion or 

handoff, there are n ongoing calls that have not received their maximum bandwidth. The 
released bandwidth of the terminated call (denoted byβ ) can be utilized to upgrade these 
ongoing calls. Denote the -thi  ongoing call’s utility function as ( )i iu b  (1 i n≤ ≤ ) and its 
current allocated bandwidth as iβ , thus the -thi ongoing call’s upgradeable utility function can 

be written as ( ) ( )i i i i iu b u bβ↑ = + ,(0 )i i max ib b β≤ ≤ − where ,i maxb  is the maximum bandwidth 
requirement. The objective of bandwidth upgrades is to find the bandwidth upgrades profile 
{ }ib ( ni ≤≤1 ) to maximize the total cell utility subject to bandwidth constraints, i.e. 

maximize: 
1

( )
n

i i
i
u b↑

=
∑  subject to:

1

n

i
i
b β

=

≤∑  and ,0 i i max ib b β≤ ≤ −  
 

3.2. Bandwidth Degrades 
Consider an overloaded cell with n ongoing calls, when a new or handoff call comes the 

bandwidth of ongoing calls can be degraded to smaller values to accommodate the new or 
handoff call, thereby reducing the call blocking and dropping probability. Bandwidth degrades 
need to decide how to degrade ongoing calls and how to allocate bandwidth to the new or 
handoff call. Denote the -thi  ongoing call’s utility function as ( )i iu b  ( 1 i n≤ ≤ ) and its 
current allocated bandwidth as iβ , thus the -thi ongoing call’s degradable utility function can 

be written as  ( ) ( )i i i i iu b u bβ↓ = −  ( 0 i ib β≤ ≤ ); also denote the new or handoff call’s utility 
function as 1 1( )n nu b+ + . The objective of bandwidth degrades is to find the bandwidth degrades 
profile { }ib  (1 i n≤ ≤ ) for ongoing calls and the allocated bandwidth 1nb +  for the new or 
handoff call to maximize the total cell utility subject to bandwidth constraints, i.e. 

maximize: 1 1
1

( ) ( )
n

i i n n
i
u b u b↓

+ +
=

 
+ 

 
∑  subject to: 1

1
( )

n

i i n
i

b b Bβ +
=

 
− + ≤ 

 
∑  and 0 i ib β≤ ≤  

 
4. OUR PROPOSED ALGORITHM 

 
From Section 3 we know that bandwidth upgrades and bandwidth degrades are to 

maximize the total utility of n  and 1n +  utility functions respectively subject to bandwidth 
constraints. In this section without loss of generality, we only propose an algorithm to 
maximize the sum of n  utility functions. Finding optimal solutions for such a problem is NP-
hard. To design the algorithm with low complexity and for the ease of implementation, we 
first quantize utility function into linear piece-wise segments by dividing the utility range in a 
fixed number of equal intervals. After the quantization each utility function becomes a linear 
piece-wise function represented by a set of ,bandwidth utility< > points: 

( ),1 ,1 , ,( ) ( , ), , ( , )
i ii i i i i j i ju b b u b u= …  
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where ij  is the maximum utility level and , ,( )i i k i ku b u= is the accrued utility for the allocated 
bandwidth , ,1 ,[ , ]

ii k i i jb b b∈  (1 ik j≤ ≤ ). Thus the problem becomes to maximize the sum of n  
linear piece-wise utility functions; it can be noticed that this is actually a variant of the well-
know multiple choice knapsack problem (MCKP) by relaxing the integrality constraint [7]. 
Now we introduce some fundamental properties of utility points in utility function iu . 

Definition 1: If two utility points j  and k  in the same utility function iu  
satisfy , ,i j i kb b≤  and , ,i j i ku u≥ , then we say that utility point k  is dominated by utility point j . 

Definition 2: If some utility points , , ij k l u∈  with , , ,i j i k i lb b b< <  and , , ,i j i k i lu u u< <  

satisfy , , , ,

, , , ,

i l i k i k i j

i l i k i k i j

u u u u
b b b b

− −
≥

− −
, then we say that utility point k  is LP-dominated by utility 

points j  and l . 
Proposition: Given two utility points , ij k u∈ , if utility point k  is dominated by utility 

point j  then an optimal solution to the utility maximization with , 0i kx = exists. If a utility 
point ik u∈  is LP-dominated by two utility points , ij l u∈ , then an optimal solution to the 
utility maximization with , 0i kx = exists. This has been proved in [8]. 

The concept of dominance plays a significant role for solving the utility maximization 
problem, since we only need to consider the non-dominated utility points in the solutions. The 
first step of the algorithm is to eliminate dominated utility points of all utility functions using 
criterion 1 and 2 stated earlier. To make this process more efficient, we can remove redundant 
computation by exploiting simple characteristics of utility functions. As described in Section 
2, utility function is monotonically increasing and more bandwidth allocation should not lead 
to degraded performance, so for two utility points , ij k u∈ , if , ,i j i kb b≤  then , ,i j i ku u≤ , it 
follows that the dominance criterion 1 is redundant. Moreover, for elastic and hard real-time1 
utility function, they are concave containing no dominated utility points, so criterion 1 and 
criterion 2 are both redundant. Therefore our algorithm only needs to eliminate the dominated 
utility points for the adaptive utility function. The notation of our utility maximization 
algorithm is summarized in Table 1 and the description of the algorithm is detailed in Fig. 2. 
 
Table 1 
Notation for the utility maximization algorithm 

iu  the -thi call’s linear piece-wise utility function 

iu ′  the -thi call’s linear piece-wise utility function with no dominated utility 
points 

B  the total available bandwidth to be allocated 
availb  the current available bandwidth after certain bandwidth has been allocated 

[ ]b i  the -thi call’s allocated bandwidth 

[ ]u i  the -thi call’s achieved utility 
u  the total achieved utility 
additb  the additional bandwidth to be allocated for a certain line segment 

                                                        
1 The utility function of hard real-time traffic is a special case of concave function with only one line segment. 
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Table 1 
Notation for the utility maximization algorithm (Continued) 
aggu  the aggregated utility function consisting of all utility functions’ line 

segments sorted by their decreasing slope 
aggu  aggu ’s line segments number 

[ ]aggu j  aggu ’s -thj line segment 
[ ].aggu j id  [ ]aggu j ’s call id  
[ ].aggu j bandw  [ ]aggu j ’s bandwidth 
[ ].aggu j util  [ ]aggu j ’s utility 

{ }adaptu  the set of adaptive utility functions 

{ }hardru  the set of hard real-time utility functions 

 
 

1( , , )nUtility_Maximization u u  
 1:      for : 1i =  to n  do 
 2:         if { }i adaptu u∈ then 

 3:            : ( )i iu eliminate u′ =  
 4:         else 
 5:            :i iu u′ =  
 6:         end if 
 7:         [ ] : 0b i =  

 8:         [ ] : 0u i =  
 9:      end for 
 10:    1: ( , , )agg nu merge_and_sort u u′ ′=  
 11:    :availb B=  
 12:    : 0u =  
 13:     for : 1j =  to aggu  do 

 14:        [ ]: .aggi u j id=  

 15:        [ ] [ ]: .addit aggb u j bandw b i= −  
 16:        if ( )addit availb b≤  then 
 17:           :avail avail additb b b= −  
 18:           [ ] [ ]: .aggb i u j bandw=  

 19:           [ ] [ ]: .aggu i u j util=  
 20:        else 
 21:           if [ ] { }agg hardru j u∉ then 

 22:              [ ] [ ]: availb i b i b= +  
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 23:              [ ] [ ] [ ]: .avail aggu i u i b u j slope= + ×  
 24:           end if 
 25:           break 
 26:        end if 
 27:     end for 
 28:     for : 1i =  to n  do 
 29:        [ ]:u u u i= +  
 30:     end for 
 31:    [ ] [ ] [ ] [ ]( 1 , , , 1 , , , )return b b n u u n u…  
 

Fig. 2. The utility maximization algorithm. 
 
In the above algorithm, Line 3 eliminates dominated utility points of adaptive utility 

function. Line 7 and 8 initialize allocated bandwidth and achieved utility for every call. Line 
10 merges all utility functions’ line segments and sorts them by decreasing slope. Line 14 
identifies the call id  of line segment [ ]aggu j . Line 15 calculates the additional bandwidth to 

be allocated for [ ]aggu j ; if there is enough bandwidth available, line 18 allocates the 
bandwidth and line 19 updates the achieved utility. When the bandwidth is not enough and if 

[ ]aggu j  is not hard real-time line segment line 22 allocates the available bandwidth and line 

23 updates the utility; on the other hand, if [ ]aggu j  is hard real-time line segment, no utility 
will be produced due to the characteristics of hard real-time utility function. Line 31 returns 
the bandwidth allocation profile, utility profile and total achieved utility respectively. The 
algorithm has a time complexity of ( log )O nL n , where n is the number of utility functions and 
L  is the maximum utility level of all utility functions. 
 
5. SIMULATION EXPERIMENTS 
 
5.1. Simulation Model 

A wrap-around 6×6 hexagonal cellular network model consisting of 36 cells has been 
built to evaluate the performance of our proposed bandwidth adaptation scheme. The 
experiments are conducted using the following assumptions: 

 

• Each cell (base station) has a total bandwidth allocated of 30 Mbps and the diameter 
of a cell is 1km. 

• We do not consider the effects of fading etc. and assume perfect transmission. Calls 
will only talk to one base station at any one time i.e. the complexities of “soft handoff” 
are suppressed. 

• Three classes of calls are generated from 80 traffic units which are randomly 
distributed in the whole area of the network. 

• New call arrivals of class-i ( 1, 2, 3)i =  traffic is assumed to follow a Poisson 
distribution with mean rate iλ  and 1 2 3λ λ λ= = . 

• The average connection duration of calls is assumed to follow an exponential 
distribution with mean 1/ µ . 
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• In order to simulate handoffs we randomly choose 50 traffic units as mobile units and 
give them a speed characteristic. Mobile units can travel in one of six directions with 
equal probability and their speed is uniformly distributed between 10 and 60 miles per 
hour. 

 
The details of the multi-class traffic used in our experiments are described in Table 2. 

Each call belonging to the same class is assigned to the same utility function. To illustrate 
how the proposed scheme can provide adaptive QoS we compare our adaptive scheme with a 
non-adaptive one. In the adaptive scheme, a call’s allocated bandwidth can be any value 
between minb  and maxb (for hard real-time traffic min maxb b= ). While in the non-adaptive scheme, 
a call must be allocated maximum bandwidth to be admitted and once accepted its bandwidth 
cannot be changed throughout the lifetime; if such bandwidth is not available, the call is either 
blocked or dropped depending on whether the call is a new or hand-off call. 
 

5.2. Numerical Results 
In our experiments, apart from the traditional call blocking and call dropping probability, 

the total achieved cell utility is also chosen as a performance metric. 
 
Table 2 
Multi-class traffic and their characteristics 

Traffic 
Class 

Traffic 
Type 

Bandwidth 
Requirement 

Average 
Connection 

Duration 

Utility 
Function 

(b is Mbps) 

Example 

I Elastic 
Traffic 

1 - 10 Mbps 
(UBR) 

2 minutes 4.6
101
b

e
−

−  
File Transfer & 

Retrieval Service 
II Adaptive 

Traffic 
1 - 6 Mbps 

(VBR) 
10 minutes 21.045

2.1661
b
be

−
+−  

Interact. Multimedia 
& Video on Demand 

III Hard Real-
time Traffic 

256 Kbps 
(CBR) 

5 minutes 1, 0.25
0, 0.25
b
b
≥

 <  

Video-phone & 
Video-conference 
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  Fig. 3. The total achieved cell utility. 
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          Fig. 4. Call dropping probability.                       Fig. 5. Call blocking probability. 
 

Figure 3 illustrates the utility comparison of our proposed adaptive scheme and the non-
adaptive scheme. The results show that our adaptive scheme achieves more cell utility than 
the non-adaptive one; the intuition behind this is that the adaptive scheme can accommodate 
more calls and it works in the fashion to maximize the total cell utility. 

Call dropping can be caused by handoff failure or the invoking of the adaptation 
algorithm. Figure 4 compares the call dropping probability of the two schemes. As can be 
seen, the adaptive scheme reduces the call dropping probability and keeps it less than 8% as 
the call arrival rate increases up to 1.0 (calls/sec). While the non-adaptive scheme has a much 
poorer performance due to the fact that it does not utilize the bandwidth flexibility of ongoing 
calls to free bandwidth to accept more handoff calls. 

The blocking of new calls shows similar behaviour to dropped calls. At the arrival rate of 
1.0 (calls/sec), the blocking ratio is about 0.25 for the adaptive scheme and 0.4 for the non-
adaptive scheme, as shown in Figure 5. The call blocking probability can be decreased up to 
about 15% by introducing our adaptive scheme. This result indicates that the adaptive scheme 
can serve many more calls than the non-adaptive one. 

To summarize, the overall performance of our adaptive scheme is very attractive in both 
increasing the total cell utility and reducing the call dropping and blocking probability. 
 
6. CONCLUSIONS 
 

In this paper, we propose an adaptive bandwidth allocation scheme for multi-class traffic 
in wireless networks. In our scheme bandwidth adaptation is decomposed into two processes - 
bandwidth upgrades and bandwidth degrades; each call is assigned to a utility function and 
the objective of bandwidth adaptation is to maximize the total achieved utility for every 
individual cell. We design our bandwidth adaptation algorithm with low computational 
complexity so that it can be performed in real-time. Simulation experiments have been 
conducted to highlight the performance of the adaptive scheme compared to that of the non-
adaptive one. Numerical results show that our adaptive scheme is effective in both increasing 
the total cell utility and reducing the call dropping and blocking probability. As future work, 
we will investigate the adaptive bandwidth reservation mechanism to provide flexible QoS 
guarantees to handoff calls. 
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