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Abstract 

In this paper, we propose and analyze a service-dependent handoff and channel allocation 

scheme in voice and data integrated cellular mobile systems, which combines the ideas of 

“Variable Bandwidth”  and “Preemptive Priority”  together. In the scheme, voice and data traffic 

are considered. According to the variations of the offered traffic intensity at each cell, both a 

voice and a data call in service can occupy a full-rate channel or a half-rate channel. In order to 

guarantee the Quality of Service (QoS) for both voice and data traffic, channel resources are 

fairly shared between voice and data calls according to an optimal channel allocation scheme, 

which minimizes the difference between the average bandwidth of a voice call in service and 

that of a data call in service. To minimize the forced termination of a voice call, a voice call can 

preempt a data call in service if all the calls in the channel pool of the current cell are already 

assigned with half-rate service. The interrupted data call returns back to the queue specially 

prepared for data traffic. By analysis, we obtain the most important system performance 

measures. Comparisons with the scheme, which only supports “Preemptive Priority”  without 

“Variable Bandwidth”  supporting, shows that if the total arrival rate for originating calls is not 

very heavy, the new scheme can provide lower blocking probability and forced termination 

probability for both voice and data traffic, and shorter average total transmission time for a 

successfully completed data call. 

 

Index Terms����Handoff scheme, variable bandwidth, preemptive priority, cellular mobile 

systems 

 

I. INTRODUCTION 

One of the central issues in performance characterization of cellular mobile and personal 

communication systems (PCS) is the problem of handoff [1]. With the penetration of PCS, 

microcell and hybrid cell (macro-, micro-, pico-) structures are exploited to support the 

drastically increased demand [2]. The smaller cell size and the variable propagation conditions 

in microcells cause much more frequent handoffs [3]. A poorly designed handoff strategy will 

generate very heavy signaling traffic and worse QoS. Handoff process usually starts from the 

handoff initiation phase [4]-[6]. The focus of this paper is on the handoff execution phase, and it 

is assumed that the handoff request detection and initiation procedures are perfect (i.e. all valid 
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requests are detected and no invalid requests activate the handoff procedure). 

Forced termination of ongoing voice calls is more undesirable than blocking of originating 

calls from the user’s viewpoint. Therefore, several schemes giving priority to handoff requests 

have been proposed to reduce the forced termination probability. Traffic models and 

performance measures of systems adopting some priority schemes are discussed in [7]-[17]. 

The most popular way of giving priority to handoff requests is to reserve a fixed number of 

channels for them. That is, when the number of free channels in a cell is less than or equal to a 

predefined value, originating calls are blocked. The handoff calls can still gain access to the 

system until there are no available channels. This scheme is called “priority reservation 

scheme” or “cut-off priority scheme” [7]-[15]. Moreover, in order to ensure the handoff 

performance in microcell, the sub-rating scheme is presented in [16][17]: when a handoff call 

enters a busy cell (no channel available), an occupied full-rate channel can be divided into two 

half-rate channels to accommodate the arriving handoff call. However, in all of the above 

studies, only voice traffic is considered. 

Future cellular mobile systems are required to accommodate multiple types of services, such 

as voice, data, and video. In order to meet the future demands, the handoff strategy needs to take 

different features of these services into account, i.e., the ideal handoff process is 

service-dependent. Recently, a lot of channel allocation and handoff schemes have been 

proposed based on the idea of “Variable Bandwidth” , such as those proposed in [18]-[23]. The 

idea is that when a real-time user arrives at or handoff to a congested cell, the channels allocated 

to the real-time users already in the cell may need to be reduced to satisfy the minimum channel 

requirement of the arriving user. Moreover, in [24], authors propose a “Preemptive Priority”  

handoff scheme for integrated voice/data cellular mobile systems. In the scheme, the right to 

preempt the service of a data call in service is given to a handoff voice call if on arrival it finds 

no idle channels. Ideas of “Preemptive Priority”  and “Priority Reservation”  are further 

combined in [25]-[26], where some number of channels is exclusively reserved for handoff 

calls. However, in the scheme proposed in [24]-[26], “Variable Bandwidth”  supporting is not 

considered. Moreover, fairness on channel allocation between voice and data traffic is also not 

considered. In this paper, based on our previous work proposed in [24], we propose a new 

service-dependent handoff scheme in voice and data integrated cellular systems, which 

combines the idea of “Variable Bandwidth”  and “Preemptive Priority”  together. Contributions 
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of the paper can be summarized as: 

1. The proposed scheme supports not only the “Variable Bandwidth”  for mobile users but also 

the “Preemptive Priority”  for voice calls, which further decrease the blocking probability 

for voice calls. 

2. In the scheme, in order to guarantee the QoS for both voice and data traffic, channel 

resources are fairly shared between voice and data calls based on an optimal channel 

allocation scheme, which guarantees that service for data traffic will not be starved by voice 

traffic. 

3. Thorough performance analysis on the proposed scheme are given, which helps one to 

obtain deeper insight into the behavior of the whole systems. 

 

The remainder of this paper is organized as follows: Section II introduces the proposed 

handoff scheme. In Section III, traffic model is described. Optimal channel allocation scheme is 

proposed in Section IV. System performance is analyzed in Section V. In Section VI, numerical 

results are presented and discussed. 

 

 

II. DISCRIPTION OF THE HANDOFF SCHEME 

We consider a system with many homogeneous cells each having S  full-rate channels (see Fig. 

1). Each full-rate channel can be further divided into two independent half-rate channels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1  System model 
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Moreover, in the base station of each cell, there is a queue with buffer size Q  for data calls. In 

our analysis, we focus our attention on a single cell, which is called the marked cell. Moreover, 

we define VN  and DN  as the current number of voice and data calls in service at the marked 

cell, respectively. And QN  is defined as the current number of data calls waiting in the queue. 

Note that in the paper we are interested in studying the performance of the combination of ideas 

of “Variable Bandwidth”  and “Preemptive Priority” . Therefore, for simplicity, originating calls 

and handoff calls are treated in exactly the same way, which helps one to obtain deeper insight 

into the proposed basic idea. Moreover, the basic idea here can be easily extended to be adopted 

in cases where schemes, such as “Priority Reservation Scheme”, assigning priority to handoff 

calls over originating calls are required. 

An arriving voice call (an originating voice call or a handoff voice call) gets a full-rate 

channel if SNN DV <+ . Under the condition of SNNS DV 2<+≤ , it gets a half-rate or a 

full-rate channel according to the channel allocation scheme proposed in section IV. 

Furthermore, if SNN DV 2=+  and 0>DN  and QNQ < , it gets a half-rate channel by 

preempting a data call in service. The preempted data call returns back to the queue, and waits 

for a channel to be available. Otherwise, the arriving voice call is blocked by the system. 

A data call waiting in the queue is transferred to the target cell when the mobile user moves 

out of the current cell before it gets a channel (see Fig. 1). An arriving data call (an originating 

data call or a handoff data call or a transferred data call) gets a full-rate channel if SNN DV <+ . 

If SNNS DV 2<+≤ , it gets a half-rate channel or a full-rate channel based on the channel 

allocation scheme explained in section IV. Furthermore, if SNN DV 2=+  and QNQ < , it waits 

in the queue. Otherwise, the arriving data call is blocked by the system. 

 

 

III. TRAFFIC MODEL 

Let random variable CVT  be the call holding time of a voice call, i.e., the time a voice call lasts 

if it is not forced into termination. The call holding time CVT  of a voice call is assumed to have 
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an exponential distribution with mean )/1]([ CVCVTE µ= . 

Let random variable DL  denote data length of a data call, which is measured in bits. It is 

assumed that DL  has an exponential distribution (Note that although DL  is a discrete random 

variable, for simplicity, its distribution is approximated as a continuous one). Let FullDR ,  and 

HalfDR ,  (measured in bits per second) denote the data transmission rate with a full-rate and a 

half-rate channel, respectively. Moreover, it is assumed that HalfDFullD RR ,, 2= . Random variable 

FullDDFullCD RLT ,, =  and HalfDDHalfCD RLT ,, /=  denote the transmission time needed for a data call 

served by a full-rate channel and a half-rate channel, respectively. Obviously, both FullCDT ,  and 

HalfCDT ,  have exponential distributions with means )/1]([ ,, FullCDFullCDTE µ=  and 

)/1]([ ,, HalfCDHalfCDTE µ= , respectively. And, we have 

][2][ ,, FullCDHalfCD TETE =                                                      (1) 

Let the random variable dwellT  be the dwell time of a mobile user in a cell. Again we assume 

that it has an exponential distribution with mean )/1]([ dwelldwellTE µ= . 

The arrival processes of originating voice calls and originating data calls in a cell are 

assumed to be Poisson, with rates OVλ  and ODλ , respectively. 

Because we assume an equilibrium homogeneous mobility pattern, the arrival rate of 

handoff requests at the marked cell is equal to the departure rate of handoff calls from the cell. 

Let HVλ  denote the arrival rate of handoff voice requests, and HDλ  denote the arrival rate of 

handoff data requests, both processes being Poisson. It is apparent from the above discussions 

that 

dwellVHV E µλ ⋅=                                                          (2) 

where VE  is the average number of voice calls holding channels at the marked cell, and 

dwellDHD E µλ ⋅=                                                          (3) 

where DE  is the average number of data calls holding channels at the marked cell. 
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A data channel request in the queue of a cell is transferred to the target cell when the user 

moves out of the cell before its getting a channel. The arrival rate TDλ  of the Poisson process 

regulating the transferred data requests at the marked cell is given by 

dwellQTD E µλ ⋅=                                                          (4) 

where QE  is the average number of data calls waiting in the queue at the marked cell. 

 

IV. CHANNEL ALLOCATION SCHEME 

First, we define the state s  of the marked cell as a couple of non-negative integers : ( , )V TDs N N , 

where VN  denotes that the number of voice calls in service, TDN  is the sum of the number of 

data calls DN  in service and the number of data calls QN  waiting in the queue. Since VN , TDN , 

DN  and QN  are determined by state s , for clarity, in the rest part of the paper these parameters 

are denoted as ( )VN s , ( )TDN s , ( )DN s  and ( )QN s , respectively. The states form a 

two-dimensional sample space sΩ  

}2)()(2)(0             

2)()()(0|{

QSsNsNSsN

SsNsNsNs

TDVV

TDVVs

+≤+<≤≤
≤+≤≤≡Ω

�
                              (5) 

we have 

�� �
>+−
≤+

=
SsNsNNS

SsNsNN
sN

TDVV

TDVTD
D 2)()(  if(s)2

2)()(  if(s)
)(                                    (6) 

Moreover, )(sCV  and )(sCD  are defined as the total number of equivalent half-rate channels 

occupied by voice calls and data calls at state s , respectively. 

As we know, both voice and data calls in service can be allocated with full-rate or half-rate 

channels. Given current system state : ( ( ), ( ))V TDs N s N s , channel allocation pattern (that is, 

)(sCV  and )(sCD ) should be determined. For a given system state, different channel allocation 

schemes result in different allocation patterns )(sCV  and )(sCD . In order to find out what kind 

of channel allocation scheme should be used, channel allocation criterion should be determined 

first. There are two extreme criteria, which should be definitely avoided. One extreme is that  
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channel resources are allocated to voice traffic as much as possible (try to guarantee that voice 

calls are allocated with full-rate channels as much as possible), which has the risk of starving 

data traffic. For the other extreme, channel resources are allocated to data traffic as much as 

possible (try to guarantee that data calls are allocated with full-rate channels as much as 

possible), which degrades the service quality for voice traffic. Therefore, fairness in channel 

allocation between voice and data traffic should be considered. We adopt fairness as our design 

criterion. In this paper, an optimized channel allocation scheme is proposed, which achieves 

fair bandwidth allocation between voice and data traffic. 

When SsNsN TDV ≤+ )()( , all the calls in service occupy full-rate channels. When 

SsNsN TDV 2)()( ≥+ , all the calls in service occupy half-rate channels. When 

SsNsNS TDV 2)()( <+< , all the channel resources are occupied. That is, we have  

SsCsC DV 2)()( =+                                                      (7) 

In this case, if 0)( >sNV  and 0)( >sN D , the goal of our channel allocation scheme is to 

minimize the value 
)(
)(

)(
)(

sN

sC

sN

sC

D

D

V

V − . That is, channel resources are fairly shared between voice 

and data calls to minimize the difference between the average bandwidth of a voice call in 

service and that of a data call in service. To minimize 
)(
)(

)(
)(

sN

sC

sN

sC

D

D

V

V − , it can be easily found 

that we have to minimize 
)]()([

)(2
)(

sNsN

sNS
sC

VD

V
V +

⋅
− . Therefore, the optimum solution can be 

given as 

��
��
�

−=

��
�

��
�

+
+

⋅
=

              )(2)(

2

1

)()(

)(2
)(

**

*

sCSsC

sNsN

sNS
sC

VD

VD

V
V                                            (8) 

It should be pointed out that although equation (8) is derived under the condition 

SsNsNS TDV 2)()( <+< , 0)( >sNV  and 0)( >sND , it holds for all the cases under the condition 

SsNsNS TDV 2)()( ≤+≤ . 

In the following, we find out how to allocate channels when the system state transit from one 

to another. Note that in our discussions, we assume that both s  and 's  are permitted states. 
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Since the discussions on the arrival or the departure of data calls are almost the same as those of 

voice calls, we only present the cases for voice calls. The discussions are divided into three 

different cases: 

Case 1: ( ) ( )V TDN s N s S+ < . 

Case 1.1: Arrival of a voice call. 

Assuming that system state transits from ))(),((: sNsNs TDV  to ))(,1)((:' sNsNs TDV + . The 

accepted voice call gets a full-rate channel. 

Case 1.2: Departure of a voice call. 

Assuming that system state transits from ' : ( ( ) 1, ( ))V TDs N s N s+  to : ( ( ), ( ))V TDs N s N s . A 

full-rate channel occupied by the voice call is released. 

 

Case 2. SsNsN TDV 2)()( ≥+ . 

Case 2.1: Arrival of a voice call. 

Assuming that system state transits from ))(),((: sNsNs TDV  to ))(,1)((:' sNsNs TDV + . The 

accepted voice call gets a half-rate channel by preempting a data call in service. 

Case 2.2: Departure of a voice call. 

Assuming that the system state transits from ' : ( ( ) 1, ( ))V TDs N s N s+  to : ( ( ), ( ))V TDs N s N s . A 

half-rate channel occupied by the voice call is released and allocated to the data call waiting in 

the head of the queue. 

 

Case 3. SsNsNS TDV 2)()( <+≤ . 

Case 3.1: Arrival of a voice call. 

Assuming that system state transits from ))(),((: sNsNs TDV  to ))(,1)((:' sNsNs TDV + . From 

equation (8), we have 

��
�

��
�

+
++

+⋅=
2

1

)(1)(

]1)([2
)'(*

sNsN

sNS
sC

DV

V
V                                            (9) 

It can be easily proved that in this case 2)()'(0 ** ≤−≤ sCsC VV . Therefore, )()'( ** sCsC VV −  can 

only be equal to 0, 1, or 2. Furthermore, we have the following three different cases: 
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Case 3.1.1: SsNsNS TDV 2)()( <+≤  and 0)()'( ** =− sCsC VV . 

In this case, it can be easily proved that 1)()(* ≥− sNsC VV . Therefore, there is at least one 

voice call occupying a full-rate channel at state s . A full-rate channel occupied by some voice 

call can be divided into two half-rate channels, and the newly arrived voice call is 

accommodated by one of these half-rate channels. 

Case 3.1.2: SsNsNS TDV 2)()( <+≤  and 1)()'( ** =− sCsC VV . 

In this case, it can be easily proved that 1)()(* ≥− sNsC DD . Therefore, there is at least one 

data call occupying a full-rate channel at state s . A full-rate channel occupied by some data call 

can be divided into two half-rate channels, and the newly arrived voice call is accommodated 

by one of these half-rate channels. 

Case 3.1.3: SsNsNS TDV 2)()( <+≤  and 2)()'( ** =− sCsC VV . 

In this case, it can be easily proved that 2)()(* ≥− sNsC DD . Therefore, there are at least two 

data calls occupying full-rate channels at state s . Two corresponding full-rate channels 

occupied by some two data calls can be divided into four half-rate channels, and two of these 

half-rate channels combine together to form a full-rate channel to accommodate the newly 

arrived voice call. 

 

Case 3.2: Departure of a voice call. 

We assume that the system state transits from ))(,1)((:' sNsNs TDV +  to ))(),((: sNsNs TDV . 

Case 3.2.1: When 0)()'( ** =− sCsC VV . 

From the discussion presented in Case 3.1.1, it can be seen that there are at least two voice 

calls occupying half-rate channels at state 's . Therefore, if a voice call occupying a full-rate 

channel departs from the marked cell, the system divides the released full-rate channel into two 

half-rate channels and merges these two channels into some two voice calls occupying half-rate 

channels, respectively. Then these two voice call will be provided with full-rate channels. On 

the other hand, if a voice call occupying a half-rate channel departs, the system merges the 

released half-rate channel into some voice call occupying a half-rate channel. Then the voice 

call is provided with full-rate service. 



 10 

 

Case 3.2.2: When * *( ') ( ) 1V VC s C s− = . 

Based on the discussion in Case 3.1.2, it can be seen that there are at least one voice call and 

one data call occupying half-rate channels at state 's . Therefore, if a voice call occupying a 

full-rate channel departs from the cell, the system divides the released full-rate channel into two 

half-rate channels and merges these two channels into some voice call and some data call 

occupying half-rate channels, respectively. Then both the voice call and the data call are 

provided with full-rate channels. On the other hand, if a voice call occupying a half-rate channel 

departs, the system merges the released half-rate channel into some data call occupying a 

half-rate channel. Then the data call is provided with a full-rate channel. 

Case 3.2.3: When * *( ') ( ) 2V VC s C s− = . 

From the discussion presented in Case 3.1.3, it can be seen that there are at least one voice 

call occupying a full-rate channel and two data calls occupying half-rate channels at state 's . 

Therefore, if a voice call occupying a full-rate channel departs from the cell, the system divides 

 

( ) ( )V TDN s N s S+ <

( ) ( ) 2V TDN s N s S+ ≥

* *( ') ( ) 0V VC s C s− =

* *( ') ( ) 1V VC s C s− =

 
 

Fig. 2 Channel allocation strategy for an arriving voice call 
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the released full-rate channel into two half-rate channels and merges these two channels into 

some two data calls occupying half-rate channels, respectively. Therefore, these two data calls 

are provided with full-rate service. On the other hand, if a voice call occupying a half-rate 

channel departs, the system merges the released half-rate channel into some data call occupying 

a half-rate channel. Furthermore, the system makes some voice call occupying a full-rate 

channel to be served by a half-rate channel, and the released half-rate channel is merged into 

another data call occupying a half-rate channel. Therefore, these two data calls are provided 

with full-rate service. 

For clarity, the flowchart of channel allocation scheme is shown in Fig. 2. Because of the 

space limitation, only the case that a voice call has arrived is shown. Other cases can be easily 

derived based on the descriptions given in Section II and this section. 

 

V.PERFORMANCE ANALYSIS 

A. The System-State Probabilities 

We can obtain the limiting probability of state s , denoted by )(sp , by solving the following 

stationary state-transition equations: 

��
��
�

=

Ω∈=⋅

∑
∑

Ω∈

Ω∈

s

s

s

ss
s

sp

sssqsp

1)(

)(0),'()'(
'                                       (10) 

where ssssq ≠'),,'(  denotes the transition rate from state 's  to s , and ),( ssq  is the transition 

rate out of state s . ),( ssq  can be obtained by  

∑
≠Ω∈

−=
sss s

ssqssq
','

)',(),(                                               (11) 

Next, we determine the transition rate ),'( ssq  from state ))'(),'((:' sNsNs TDV  to state s . 

Case 1) Arrival of A Data Call at the Marked Cell: Let ),'(1 ssq  be the transition rate from state 

's  to state )1)'(),'((: +sNsNs TDV . If SsNsN TDV 2)'()'(0 <+≤ , the call is served immediately 

and 1( ', ) HD TD ODq s s λ λ λ= + + . If QSsNsNS TDV +<+≤ 2)'()'(2 , the call is buffered in the queue 

and 1( ', ) HD TD ODq s s λ λ λ= + + . Otherwise, the call is blocked and 0),'(1 =ssq . 

Case 2) Arrival of A Voice Call at the Marked Cell: Let 2( ', )q s s  be the transition rate from state 
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's  to state ))'(,1)'((: sNsNs TDV + . If SsNsN TDV 2)'()'(0 <+≤ , the call is served immediately 

and 2( ', ) HV OVq s s λ λ= + . If QSsNsNS TDV +<+≤ 2)'()'(2  and 0)'( >sND , the arriving voice 

call preempts a data call and 2( ', ) HV OVq s s λ λ= + . Otherwise, the call is blocked and 2( ', ) 0q s s = . 

Case 3) Departure of A Voice Call from the Channel Pool: Let 3( ', )q s s  be the transition rate 

from state 's  to state ))'(,1)'((: sNsNs TDV − . If 0)'( >sNV , the transition rate is 

3( ', ) ( ') ( )V dwell CVq s s N s µ µ= ⋅ + . Otherwise, 3( ', ) 0q s s = . 

Case 4) Departure of A Data Call from the Channel Pool: Let 4( ', )q s s  be the transition rate 

from state 's  to state )1)'(),'((: −sNsNs TDV . If 0)'( >sND , the transition rate is 

4 , ,( ', ) [ ( ') ( ')] ( ) [2 ( ') ( ')]( )D D dwell CD Full D D dwell CD Halfq s s C s N s N s C sµ µ µ µ= − ⋅ + + − + . Otherwise, 

4( ', ) 0q s s = . 

Case 5) Departure of A Waiting Data Call from the Data Queue: Let 5( ', )q s s  be the transition 

rate from state 's  to state )1)'(),'((: −sNsNs TDV . If 0)'( >sNQ , the transition rate is 

5( ', ) ( ')Q dwellq s s N s µ= . Otherwise, 5( ', ) 0q s s = . 

An simple example Markov state transition diagram for the marked cell is shown in Fig. 3, 

where 2, 1S Q= = . After determining the state transition rates, we can solve the stationary 

state-transition equations in (10) to obtain all the state probabilities by using numerical method 

(refer to Appendix A).  

 

B. Performance Measures for Voice calls 
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Based on the above discussions, blocking probability of a voice call can be given as 

,

,

,

( )

{ | , ( ) 2 } { | , ( ) ( ) 2 }
B V

B V
s

B V s V s V TD

P p s

s s N s S s s N s N s S Q

∈Ω

�

=�
�

�

Ω ≡ ∈Ω = ∈Ω + = +�

∑
�

              (12) 

Once a voice call is served, the voice call handoffs only to neighboring cells with probability 

VHP , , which is given by 

)(}{Pr, CVdwelldwellCVdwellVH TTobP µµµ +=<≡                                 (13) 

The forced termination probability of a voice calls, denoted by VFTP , , can be obtained by 

, , , , , , , , ,[ (1 ) ] ( ) /[1 (1 )]FT V H V B V B V FT V H V B V H V B VP P P P P P P P P= ⋅ + − ⋅ = ⋅ − ⋅ −                (14) 

Moreover, let Vc  denote the average bandwidth per voice call in service. We have 

�
�

�

�

�
�

	




�
�

�

�

�
�

	




⋅≡ ∑∑
>∈>∈ }0)( | {}0)( | {

)()(
)(
)(

sNsssNss V

V
V

VV

spsp
sN

sC
c                                 (15) 
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Fig. 3 An example Markov state transition diagram for the case of 2, 1S Q= =  
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C. Performance Measures for Data calls 

Before analysis, it is helpful to describe the traffic flows for data calls at the marked cell, 

which is shown in Fig. 4. At point ‘a’ in Fig. 4, data calls arrive at the marked cell, and the 

traffic intensity at point ‘a’ is  

TDHDODaD λλλλ ++=,                                                  (16) 

Next, some arriving data calls are blocked. Traffic flow for the blocked data calls is shown at 

point ‘b’ . For a data call, which is not blocked at the marked cell , it gets a channel directly with 

probability CP  or waits in the queue with probability 1 CP− . CP  can be given as 

( ), ,
{ | , ( ) ( ) 2 }

( ) 1
s V TD

C D B D
s s s N s N s S

P p s P
∈ ∈Ω + <

� �

= −
� �� �
� �∑                                  (17) 

where ,B DP  is the blocking probability for a data call, We have 

,
{ | , ( ) ( ) 2 }

( )
s V TD

B D
s s s N s N s S Q

P p s
∈ ∈Ω + = +

= ∑                                            (18) 

 

The traffic intensity at point ‘c’ can be given as 

, ,( ) (1 )D c HD TD OD B DPλ λ λ λ= + + ⋅ −                                           (19) 

For data calls waiting in the queue, some of them are transferred to target cells before they 

get channels at the marked cell. The transferred data traffic intensity is TDfD λλ =,  (see point ‘ f’ 
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in Fig. 4). From point ‘h’ and ‘ i’ in Fig. 4, it can be seen that part of data calls in service are 

preempted by voice calls. The traffic intensity for data calls leaving the marked cell because of 

the completion of their calls or moving out of the marked cell without the completion of their 

calls can be expressed as  

HalfCDHalfDFullCDFullDdwellDhD EEE ,,,,, µµµλ ⋅+⋅+⋅=                               (20) 

where FullDE ,  and HalfDE ,  denote the average number of data calls occupying full-rate and 

half-rate channels, respectively. The traffic intensity iD,λ  at point ‘ i’ in Fig. 4 can be given as 

PDgDiD P⋅= ,, λλ                                                         (21) 

where gD,λ  is the traffic intensity at point ‘g’ in Fig. 4, and PDP  is the preemption probability 

for a data call in service. Therefore, traffic intensity dD,λ  at point ‘d ’ is 

iDCcDdD P ,,, )1( λλλ +−⋅=                                               (22) 

Based on the above descriptions on traffic flows for data calls, we can analyze some of the 

most important performance measures. In the following, it is assumed that 0>ODλ . 

C.1) Preemption Probability for A Data Call in Service: From Fig. 4, we have 

)1/()()1/( ,,,,,, PDHalfCDHalfDFullCDFullDdwellDPDhDgD PEEEP −⋅+⋅+⋅=−= µµµλλ           (23) 

On the other hand, we have 

, , , ,

, , , ,

(1 )

     ( ) (1 ) (1 )

TD D i Tr PD D c C Tr AD

D g PD Tr PD HD TD OD B D C Tr AD

P P P

P P P P P

λ λ λ

λ λ λ λ

= ⋅ + ⋅ − ⋅

= ⋅ ⋅ + + + ⋅ − ⋅ − ⋅
                    (24) 

where PDTrP ,  is the probability that a preempted data call, waiting in the queue, is transferred to 

some target cell before getting its channel again at the marked cell. ADTrP ,  is the probability for 

an arriving data call, which is not blocked by the marked cell and waits in the queue, being 

transferred to some target cell before getting its channel. The derivations of these two 

probabilities are given in Appendix B. From equation (24), we have 

, ,
,

,

( ) (1 ) (1 )TD HD TD OD B D C Tr AD
D g

PD Tr PD

P P P

P P

λ λ λ λ
λ

− + + ⋅ − ⋅ − ⋅
=

⋅
                              (25) 

By combining equation (23) and (25), PDP  can be obtained as 
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1

1 2

1
, , , ,

,
2

, ,

1

( ) (1 ) (1 )

PD

D dwell D Full CD Full D Half CD Half

Tr PD

TD HD TD OD B D C Tr AD

P

E E E

P

P P P

µ µ µ

λ λ λ λ

�

Θ�
=�

Θ + Θ�
�

Θ =
�

⋅ + ⋅ + ⋅�
�
�
Θ =�

− + + ⋅ − ⋅ − ⋅�

                           (26) 

In the above derivations about PDP , it is assumed that 0>Q . Moreover, when 0=Q , we 

define 0≡PDP . 

C.2) Forced Termination Probability of An Accepted Data Call: Once a data call is served in 

some cell, the call handoffs to neighboring cells with probability DHP , , which can be given as 

HalfCDHalfDFullCDFullDdwellD

dwellD
DH EEE

E
P

,,,,
, µµµ

µ
⋅+⋅+⋅

⋅=                              (27) 

Next we define DSHTP ,  as the probability for a data call in service leaving the marked cell before 

the completion of its conversation. In this case, the data call leaves the marked cell from the 

channel pool and initiates a handoff at the target cell, or it departs from the data queue and is 

transferred to the target cell. Again, with reference to Fig. 4, we have 

)1(-1

)1(
)1()1(

,

,,
,,,,,

PDTrPD

PDTrPDDHPD
DSHTPDTrPDPDTrPDDHPDDSHT PP

PPPP
PPPPPPPP

−⋅
⋅+⋅−

=⋅−⋅+⋅+⋅−=    (28) 

Moreover, *
,FT DP  is defined as the forced termination probability of an ongoing data call after it 

arrives at the target cell. Finally, we define DFTP ,  as the forced termination probability of an 

accepted data call (once a data call obtain a channel service in some cell, we say that the call is 

accepted by the system). We have the following relations 

*
, , ,

* * *
, , , , , , , ,

*
, , , ,

 (1 ) (1 ) (1 )

                         (1 ) (1 ) (1 )

FT D HT DS FT D

FT D B D B D C HT DS FT D B D C Tr AD FT D

B D C Tr AD HT DS FT D

P P P

P P P P P P P P P P

P P P P P

�
= ⋅�

= + − ⋅ ⋅ ⋅ + − ⋅ − ⋅ ⋅
�

�

+ − ⋅ − ⋅ − ⋅ ⋅�
                  (29) 

Then DFTP ,  can be expressed as 

, ,
,

, , , , ,1 (1 ) [ (1 ) (1 ) (1 ) ]
HT DS B D

FT D
B D C HT DS C Tr AD HT DS C Tr AD

P P
P

P P P P P P P P

⋅
=

− − ⋅ ⋅ + − ⋅ − ⋅ + − ⋅
              (30) 

C.3) Average Total Waiting Time in Queues for Successfully Completed Data Calls: From Fig. 4, 
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we can see that during the whole course of the communication of a successfully completed data 

call (including its waiting time in queues before its managing to get a channel and start its 

communication), it may spend some time waiting in queues at different cells. TWT  is defined as 

the average total waiting time  in queues for a successfully completed data call. 

As for a preempted data call, it enters the queue and waits for a channel to be available. Let 

PDWT ,  denote the average total time of a preempted data call waiting in the queue at the marked 

cell from the moment that it enters the queue. We have 

)]1(1[])1([         

)()1()1()1(

,,,,,

,,,,,,,,

PDTrPDPDWCPDTrPDWTrPDTr

PDWPDWCPDPDTrPDWCPDPDTrPDWTrPDTrPDW

PPTPTP

TTPPTPPTPT

−⋅−⋅−+⋅=

+⋅⋅−+⋅−⋅−+⋅=
      (31) 

where PDWCT ,  denotes the average waiting time of a preempted data call in the queue at the 

marked cell from the moment that it enters the queue to the moment it gets a channel again, 

under the condition that it gets a channel successfully. PDWTrT ,  denotes the average waiting time 

of a preempted data call in the queue at the marked cell from the moment it enters the queue to 

the moment it is transferred to another cell, under the condition that it is transferred to another 

cell before its getting a channel at the marked cell. The derivation of PDWCT ,  is in Appendix C. 

The derivation of PDWTrT ,  can be found in Appendix D. 

As for an unblocked arriving data call that waits in the queue at the marked cell, we define 

ADWT ,  as the average total time for the call waiting in the queue at the marked cell from the 

moment that it enters the queue. We have 

)()1(        

)()1()1()1(

,,,,,

,,,,,,,,

PDWPDADWCADTrADWTrADTr

PDWADWCPDADTrADWCPDADTrADWTrADTrADW

TPTPTP

TTPPTPPTPT

⋅+⋅−+⋅=

+⋅⋅−+⋅−⋅−+⋅=
     (32) 

where ADWCT ,  denotes the average waiting time of a queued arriving data call in the queue at the 

marked cell from the moment that it enters the queue to the moment that it gets its channel 

under the condition that it gets a channel. ADWTrT ,  denotes the average waiting time of a queued 

arriving data call in the queue at the marked cell from the moment that it enters the queue to the 

moment that it is transferred to another cell under the condition that it is transferred to another 

cell before its getting a channel at the marked cell. The derivation of ADWCT ,  is in Appendix C. 
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The derivation of ADWTrT ,  can be found In Appendix D. 

Then based on equations (31) and (32), we can calculate the average total waiting time 1,TWT  

of an unblocked arriving data call in the queue at the marked cell as follows 

PDWPDCADWCTW TPPTPT ,,1, )1( ⋅⋅+⋅−=                                         (33) 

Moreover, 1,TWT  can also be expressed as 

')1( 1,,1,,1, OWADOOWADOTW TPTPT ⋅−+⋅=                                        (34) 

where ADOP ,  is the probability that an arriving data call, which is not blocked by the marked cell, 

exits the marked cell before the completion of its call. It can be derived as follows (see Fig. 4) 

( ) cDTDDHhDADO PP ,,,, λλλ +⋅=                                             (35) 

1,OWT  denotes the average total waiting time of an unblocked arriving data call, which leaves the 

marked cell before the completion of its call, in the queue at the marked cell. And '1,OWT  

denotes the average total waiting time of an unblocked arriving data call, which completes its 

call at the marked cell, in the queue at the marked cell. Finally, TWT  is obtained as 

( )

ADO

PDWPDCADWC

ADO
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ADO

OWADOOWADO
OWOWADO

i

ADOTW
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TPPTP

P
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P

TPTP
TTiPPT

,

,,

,

1,

,

1,,1,,

1i
1,1,,

1

,

1

)1(

1
      

 
1

')1(
 ]')1[()1(

−
⋅⋅+⋅−

=
−

=

−
⋅−+⋅

=+⋅−⋅−⋅=∑∞
=

−

     (36) 

C.4) Average Total Transmission Time of Successfully Completed Data Calls: Let TransT  denote 

the average total transmission time of a successfully completed data call, which includes the 

waiting time of the call in queues. Using Little’s formula, we can get the average transmission 

time 1,TransT  of a successfully completed data call in one cell as follows: 

,1
,( ) (1 )

D Q
Trans

HD TD OD B D

E E
T

Pλ λ λ
+

=
+ + ⋅ −

                                         (37) 

Then, we have 

ADO

Trans
Trans P

T
T

,

1,

1−
=                                                         (38) 
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D. Other Performance Measures of the System 

Based on the calculation of the state probabilities, we can easily obtained the following 

performance measures: 

∑
Ω∈

=
ss

VV spsNE )()(                                                   (39) 

∑
Ω∈

=
ss

DD spsNE )()(                                                   (40) 

∑
Ω∈

⋅−=
ss

DDFullD spsNsCE )()]()([,                                        (41) 

∑
Ω∈

⋅−=
ss

DDHalfD spsCsNE )()]()(2[,                                      (42) 

∑
Ω∈

=
ss

QQ spsNE )()(                                                   (43) 

 

 

VI. NUMERICAL RESULTS AND DISCUSSIONS 

Because the new scheme is a preemptive priority handoff scheme with full-rate and half-rate 

service support, we abbreviate it as FHPS (Full-rate and Half-rate Preemptive Scheme). In this 

section, FHPS is compared with two extreme schemes. In one scheme, which we call FPS 

(Full-rate only Preemptive Scheme) for short, except for the fact that only full-rate channel is 

supported for both voice and data traffic by the system, the other part of the scheme are exactly 

the same as those of FHPS. FPS has been proposed and studied in [24]. In another extreme 

scheme, which we call HPS (Half-rate only Preemptive Scheme) for short, only half-rate 

channel is supported for both voice and data traffic, all the other aspects of the scheme are the 

same as those of FHPS. We define O OD OVλ λ λ≡ +  (calls/second) as the total arrival rate of 

originating calls at the marked cell. Moreover, we define OOD λλγ /=  as the relative rate of 

originating data calls. In numerical examples, parameters are set as follows: 10=S , 10=Q , 

0.5 γ = , [ ] 100.0CVE T s= , ,[ ] 40.0CD FullE T s= , ,[ ] 80.0CD HalfE T s= , [ ] 60.0dwellE T s= . 

Fig. 5 shows the forced termination probabilities VFTP ,  for voice traffic in these three 

schemes versus Oλ . Fig. 6 shows the forced termination probabilities DFTP ,  for data traffic in 

these three schemes versus Oλ . Fig. 7 shows the preemption probabilities PDP  of a data call in 
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service in these three schemes versus Oλ . Fig. 8 and Fig. 9 show the total average transmission 

time TransT  and the total average waiting time TWT  of successfully completed data calls of these 

three schemes versus Oλ , respectively. The average bandwidths Vc  for a voice call in service of 

these three schemes are shown in Fig. 10. 

In FPS, only full-rate channel is supported, both voice and data calls have much smaller 

chances to get access to channel resources, which brings about higher forced termination 

probabilities for both voice and data calls relative to the other two schemes (refer to Figs. 5 and 

6). From Figs. 5 and 6, it can be also seen that VFTP ,  (forced termination probability of voice 

calls), and DFTP ,  (forced termination probability of data calls) in FHPS are even smaller than 

those in HPS. This is mainly because that in FHPS, both full and half-rate channels are 

supported, and the system tries to allocate full-rate channels to voice and data calls as much as 

possible if there are enough channel resources, which implies a more efficient utilization of 

channel resources in comparison with HPS. The above reason can also be used to explain why 

PDP  (the preemption probability of data calls in service), TransT  (the total average transmission 

time of successfully completed data calls), and TWT  (the total average waiting time of 

successfully completed data calls) in FHPS are smaller than those in HPS are (see Figs. 7, 8, 

and 9). 

The average total transmission time TransT  for a data call consists of two parts: one is the time 

for a data call spent while a channel is allocated, and the other one is the time for a data call 

waiting in queues. From Fig. 9, we can see that TWT  in FPS are significantly larger than those in 

FHPS and HPS. Therefore, in FHPS and HPS, a data call spends less waiting time in queues. 

Since only half-rate channel is provided in HPS, TransT  in HPS are larger than those in FHPS. 

Because of the introduction of the efficient channel allocation scheme, in most cases, shortest 

TransT  can be achieved by using FHPS (see Fig. 8). 

From Figs. 5 to 9, we can see that by using FHPS, smaller forced termination probabilities 

for both voice and data calls and shorter average total transmission time for data calls can be 

obtained compared with the other two candidate schemes. However, there are no free meals and 
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the communication quality for voice calls is degraded by adopting sub-rating service, see Fig. 

10. Extensive numerical experiments show that if the total arrival rate Oλ  for originating calls 

to the system is not heavy (say for the case that Oλ  is smaller then 0.15 calls/second), the 

degradation of communication quality for voice calls is small so that its influence on system 

performance can be omitted. 

 

 

VII. CONCLUSIONS 

We propose and analyze a service-dependent handoff scheme in voice and data integrated 

cellular mobile systems, which combines the ideas of “Variable Bandwidth” and “Preemptive 

Priority” together. Comparisons with the scheme, which only supports “Preemptive Priority” 

without “Variable Bandwidth” supporting, shows that if total arrival rate for originating calls is 

not very heavy, the new scheme can provide lower blocking probability and forced termination 

probability for both voice and data traffic, and shorter average total transmission time for a 

successfully completed data call. The improved performance mainly relies on two factors: one 

is that apart from the idea of “Preemptive Priority”, “Variable Bandwidth” is introduced, which 

further decreases the blocking probabilities for both voice and data traffic. Moreover, in the 

proposed scheme, “Variable Bandwidth” functions before “Preemptive Priority”, which 

decreases the probability for data calls in service being preempted by voice calls. The second 

factor lies in the fact that fairer channel allocation scheme is considered, which further avoids 

the starvation of the service for data traffic by voice calls. However, there are no free meals and 

the communication quality for voice calls is degraded by adopting sub-rating service. Extensive 

numerical experiments show that if the total arrival rate for originating calls to the system is not 

heavy, the degradation of communication quality for voice calls is small so that its influence on 

system performance can be omitted. 

In the future work, we are interested in considering some extensions for the proposed 

scheme. In this paper, for simplicity, priority of handoff calls over originating calls is not 

considered. Therefore, a very natural extension is to consider schemes which provide some 

priority for handoff calls. For example, the idea of “Priority Reservation” can be combined with 

the proposed scheme. In this paper, only voice and data calls are considered. Extending the 
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proposed handoff and channel allocation scheme into more general cases, where arbitrary types 

of traffic with more flexible bandwidth requirements are considered, is a very interesting work. 

Finally, real implementation issues of the proposed scheme should also be considered. In this 

paper, attentions are focus on the performance analysis of the proposed handoff and channel 

allocation scheme. However, the implementation of an efficient signaling scheme, which is of 

importance for the real implementation, is not discussed. As we all know, complicated signaling 

introduces more processing overhead for the system. Therefore, in our future work, we will find 

ways to design an efficient signaling scheme which brings about moderate processing overhead 

for the system. To minimize the introduced processing overhead, one possible way is to limit 

the number of calls (say only handoff calls) having the rights to enjoy the “Variable Bandwidth” 

and “Preemptive Priority”. 
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APPENDIX A. CALCULATION OF STATE PROBABILITIES 

If we assume that HVλ , HDλ  and TDλ  are constant, the flow balance equations in (10) can be 

solved as a set of linear simultaneous equations. However, actually HVλ , HDλ  and TDλ  are not 

constant, but dependent on the state probabilities )(sp ’s through equations (2)-(4). Thus we use 

the following iteration procedure to obtain all the state probabilities: 

Step 1. Select arbitrary initial (positive) values for HVλ , HDλ  and TDλ . 

Step 2. Compute all the state probabilities )(sp ’s in equation (10) by using SOR method [27]. 

Step 3. Compute the average number of voice calls holding channels, the average number of 

data calls holding channels and the average number of data calls waiting in the queue by using 

equations (39), (40) and (43). 

Step 4. Compute new HVλ , HDλ  and TDλ  using equations (2)-(4). If ε
λ

λλ
<

−

HV

HVHV

old

oldnew

 

  
, 

ε
λ

λλ
<

−

HD

HDHD

old

oldnew

 

  
 and ε

λ
λλ

<
−

TD

TDTD

old

oldnew

 

  
, then stop the iteration (ε  is a very small 

positive number to check the convergence). Otherwise, set 

)( HVHVHVHV oldnewold λλωλλ −⋅+⇐ , )( HDHDHDHD oldnewold λλωλλ −⋅+⇐ , 

)( TDTDTDTD oldnewold λλωλλ −⋅+⇐  (in our calculations, ω  is set to be 0.5), and go back to 

step 2 again.  

 

APPENDIX B. CALCULATION OF ADTrP ,  AND PDTrP ,  

In the following part of the paper, we focus our attention on the data call waiting at the k th 

position in the queue at the marked cell, and call it as ‘the marked data call’. Given that the 

system is at state 
qsqs Ω∈ ,  

}0)(,|{ >Ω∈≡Ω sNss Qssq
                                           (B.1) 

and the marked data call is queued at the  k th position ( )(0 qQ sNk ≤< ) in the queue, then we 

define ),(, ksp qDtr  as the probability of the marked data call being transferred to the target cell 

before its leaving the queue and getting a channel at the marked cell. In the following, we use 
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quasi-system states, which are determined by the current system state and the position of the 

marked data call in the queue, to describe state transitions related to the changing of the position 

of the marked data call. Therefore, the quasi-system states related to the marked data call can be 

expressed as ),( ksq , and )(0 , qQsq sNks
q

≤<Ω∈ . Assuming that the current state is ),( ksq , then 

the transitions of quasi-system states are driven by the occurrence of the following events: 

1) Departure of the Marked Data Call from the Queue: Denote ),(1 ksr q  to be the transition 

rate from system state ))(),((: qTDqVq sNsNs  to )1)(),((:1, −qTDqVq sNsNs , and dwellq ksr µ=),(1 . 

2) Departure of a Data Call Waiting behind the Marked Data Call from the Queue: Let 

),(2 ksr q  be the transition rate from system state ))(),((: qTDqVq sNsNs  to 

)1)(),((:2, −qTDqVq sNsNs . After the occurrence of the event, the position of the marked data call 

in the queue remains to be k , and dwellqQq ksNksr µ⋅−= ])([),(2 . 

3) Departure of a Data Call Waiting before the Marked Data Call from the Queue or 

Departure of a Data Call in Service from the Channel Pool: Let ),(3 ksr q  be the transition rate 

from system state ))(),((: qTDqVq sNsNs  to )1)(),((:3, −qTDqVq sNsNs . After the occurrence of the 

event, the position of the marked data call in the queue is 1−k  (specifically, if 01 =−k , it 

indicates that the marked data call gets a channel), and 

)()()1(),( ,3 HalfCDdwellqDdwellq sNkksr µµµ +⋅+⋅−= . 

4) Departure of a Voice Call in Service from the Channel Pool: Let ),(4 ksr q  be the transition 

rate from system state ))(),((: qTDqVq sNsNs  to ))(,1)((:4, qTDqVq sNsNs − . After the occurrence 

of the event, the position of the marked data call in the queue is 1−k . If sqs Ω∈4, , 

)()(),(4 CVdwellqVq sNksr µµ +⋅= . Otherwise, 0),(4 =ksr q . 

5) Arrival of a Data Call: Let ),(5 ksr q  be the transition rate from system state 

))(),((: qTDqVq sNsNs  to )1)(),((:5, +qTDqVq sNsNs . After the occurrence of the event, the 

position of the marked data call in the queue is remained to be k . If sqs Ω∈5, ,   

5 ( , )q HD TD ODr s k λ λ λ= + + . Otherwise, 0),(5 =ksr q . 
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6) Arrival of a Voice Call: Let ),(6 ksr q  be the transition rate from system state 

))(),((: qTDqVq sNsNs  to ))(,1)((:6, qTDqVq sNsNs + . In this case, one of the data calls in service is 

preempted by the arriving voice call. After the occurrence of the event, the position of the 

marked data call in the queue is remained to be k . If sqs Ω∈6, , 6 ( , )q HV OVr s k λ λ= + . Otherwise, 

0),(6 =ksr q . 

Therefore, the total transition rate out of the state ),( ksq  can be expressed as  

),(),(
6

1

ksrksr q
i

iq ∑
=

=                                                       (B.2) 

Moreover, we define  

)(or    0or     if     0),(, sNkksksp QsDtr q
>≤Ω∉≡      (B.3) 

Then we have the following set of linear equations 
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where )(0, qQsq sNks
q

≤<Ω∈ . By solving the above linear equations, we can get all the values 

for ),(, ksp qDtr ’s. And then, ADTrP ,  can be given as follows 

��
��
�

<=+Ω∈≡Ω

���
�

���
	

���
�

���
	

⋅= ∑∑
Ω∈Ω∈

})( ,2)()( ,|{

)())'(,'()(

,

,,

,,

QsNSsNsNss

spsNspspP

QDVsADTr

ss
QDtrADTr

ADTrADTr
                           (B.5) 

where 1)()'(),()'( +== sNsNsNsN TDTDVV . Moreover, PDTrP ,  can be expressed as 
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where )()'(,1)()'( sNsNsNsN TDTDVV =+= . 

 

APPENDIX C. CALCULATION OF ADWCT ,  AND PDWCT ,  

Given that the system is at state 
qsqs Ω∈ , and we know that the marked data call waiting at 

the k th position ( )(0 qQ sNk ≤< ) in the queue can get a channel at the marked cell, then we 
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define ),( kst qWC  as the average waiting time for the marked data call before it gets a channel. 

We use quasi-system states for the marked cell to describe state transitions related to the marked 

data call. The state transitions of quasi-system states have been described in Appendix B. 

First, let us start from Fig. C.1. In the figure, a general tree structure of the quasi-state 

transition is shown. We assume that when the system is at state 0s  (see the root node in the tree 

structure) the marked data call is waiting in the queue. 0T  is the average holding time of the 

system at state 0s . Because of the occurrence of some events, the system state changes. If the 

next state is is  ( 11 −≤≤ ni , 1>n ), then the marked data call gets a channel. Let iq ,0  

( 11 −≤≤ ni , 1>n ) be the transition probability from state 0s  to is  ( 11 −≤≤ ni , 1>n ). 

Specifically, for the case of 1=n , we say that it is impossible for the marked data call to get a 

channel with only one step state transition. If the next state of 0s  is is  )( min ≤≤ , although the 

marked data call still waits in the queue, can it finally get its channel if the system state transits 

from is  to lis ,  )1,( iklmin ≤≤≤≤  without its being transferred to other cells before getting a 

channel. It should be noted that although from state is  )( min ≤≤  there are total of ik  different 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. C.1 Tree structure of the quasi-state transition 
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state transition routes, which makes it possible for the marked data call to get a channel, we can 

not draw a conclusion that if  21 ii ≠ or 21 ll ≠  then 2,21,1 lili ss ≠  

)21;11;2,1( 21 ii klklmiin ≤≤≤≤≤≤  always holds. That is, subscriptions in the symbol lis ,  are 

not used to distinguish different states but to distinguish different state transition routes, which 

makes it possible for the marked data call to get a channel. Furthermore, It is assumed that the 

probabilities iq ,0  )( min ≤≤  and liq ,  )1,( iklmin ≤≤≤≤  denote the transition probabilities 

from state 0s  to is  )( min ≤≤  and those from state is  to lis , , respectively. And let liT ,  

)1,( iklmin ≤≤≤≤  denote the average waiting time for the marked data call in the queue under 

the condition that the system state transits from state is  to lis , . Therefore, assuming that the 

original system state is is  )( min ≤≤ , the average waiting time )( isT  )( min ≤≤  for the marked 

data call in the queue before its getting a channel can be expressed as 

���
����
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����

�
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l
lilii qTqsT

1
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1
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As for state 0s , the average waiting time )( 0sT  for the marked data call in the queue before its 

getting a channel can be expressed as 
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where )(sqc  is the probability of the marked data call getting its channel successfully given that 

the original system state is s . From the above equation, we can see that )( 0sT  can be expressed 

as the linear combinations of 0T  and )( isT  )( min ≤≤ . 

Moreover, we define 

)(or    0or     if     0),( sNkkskst QsWC q
>≤Ω∉≡        (C.3) 



 28 

Based on the state transitions of quasi-system states described in Appendix B and the result 

shown in equation (C.2), we can get the following linear equations 
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where )(0, qQsq sNks
q

≤<Ω∈ , and ),( kst qw  is the average holding time at state ),( ksq  

),(

1
),(

ksr
kst

q
qw =                                                     (C.5) 

In equation (C.4), the term 
),(

),(

ksr

ksr

q

qi  corresponds to the term iq ,0  in equation (C.2). The term 

)],(1[ ,, ksp iqDtr−  and )]1,(1[ ,, −− ksp iqDtr  in equation (C.4) correspond to the term )( ic sq  in 

equation (C.2), and ),(1 , ksp qDtr−  corresponds to )( 0sqc  in equation (C.2). Moreover, 

)],(),([ , kstkst iqWCqw +  and )]1,(),([ , −+ kstkst iqWCqw  correspond to the term [ ])(0 isTT +  in 

equation (C.2). By solving the above linear equations, we can get all the values of ),( kst qWC ’s. 

Then ADWCT ,  can be given as follows 
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where 1)()'(),()'( +== sNsNsNsN TDTDVV . Moreover, PDWCT ,  can be expressed as  
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where )()'(,1)()'( sNsNsNsN TDTDVV =+= . 

 

APPENDIX D. CALCULATION OF ADWTrT ,  AND PDWTrT ,  

Given that the system is at state 
qsqs Ω∈ , and we know that the marked data call waiting at 
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the  k th position ( )(0 qQ sNk ≤< ) in the queue can not get a channel at the marked cell, i.e., the 

data call is transferred to the target cell before getting a channel at the marked cell, then we 

define ),( kst qWTr  as the average waiting time in the queue for the data call before its being 

transferred to the target cell. The derivation of ),( kst qWTr  is just the same as that of ),( kst qWC  in 

Appendix C. Therefore, by referring the results in Appendix C, we have the following linear 

equations directly 
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where )(0, qQsq sNks
q

≤<Ω∈ . Moreover, we define 

)(or    0or     if     0),( sNkkskst QsWTr q
>≤Ω∉≡       (D.2) 

By solving the above linear equations, we can get all the values of ),( kst qWTr ’s. Then ADWTrT ,  

can be given as follows 
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where 1)()'(),()'( +== sNsNsNsN TDTDVV . Moreover, PDWTrT ,  can be expressed as  
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where )()'(,1)()'( sNsNsNsN TDTDVV =+= . 
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Fig. 5  VFTP ,  for voice traffic versus oλ  
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Fig. 6  DFTP ,  for data traffic versus oλ  
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Fig. 7  Preemption probability PDP  versus oλ  

 

0.05 0.10 0.15 0.20 0.25 0.30 0.35

40

50

60

70

80

90

100

110

120

130

140

150

160
0.05 0.10 0.15 0.20 0.25 0.30 0.35

40

50

60

70

80

90

100

110

120

130

140

150

160

FHPS

HPS

FPS

S=10, Q=10, γ=0.5γ=0.5γ=0.5γ=0.5
T

CV
=100s, T

CD,Full
=40s, T

dwell
=60s

 

 

T
T

ra
ns

 (s
ec

on
d)

λλλλοοοο

 

Fig. 8 Average total transmission time TransT  of data calls versus oλ  



 34 

 

 

0.05 0.10 0.15 0.20 0.25 0.30 0.35

0

10

20

30

40

50

60

70

80

90

100

110

120
0.05 0.10 0.15 0.20 0.25 0.30 0.35

0

10

20

30

40

50

60

70

80

90

100

110

120

FHPS

HPS

FPS

S=10, Q=10, γ=0.5γ=0.5γ=0.5γ=0.5
T

CV
=100s, T

CD,Full
=40s, T

dwell
=60s

 

 

T
T

W
 (

se
co

nd
)

λλλλοοοο

 

Fig. 9  Average total waiting time TWT  of data calls versus oλ  
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Fig. 10 Average bandwidth Vc  per voice call in service versus oλ  


