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Abstract  We consider connection-oriented packet- 
switched wireless cellular networks such as wireless ATM 
networks. At a cell’s base station, packets destined to mo- 
biles are stored and sent to the cell’s mobile stations across 
forward wireless channels. When a handover occurs, back- 
logged packets which are destined to the mobile station and 
which have not yet been delivered remain at the buffer of 
the old base station. For applications which are sensitive 
to delay fluctuations but are relatively tolerable to packet 
losses, (e.g., packetized voice and video streams), it is not 
effective forward these packets to the new base station. We 
thus consider a Backlogged Packet Discard Scheme under 
which all backlogged packets are discarded. In this manner, 
we eliminate additional packet delays caused by inter-cell re- 
routing of backlogged packets. In turn, this scheme leads 
to an increase of the packet loss level due to its dropping 
of the backlogged packets. To guarantee a pre-negotiated 
quality-of-service level, the incurred packet loss value must 
be limited. In this paper, we develop an analytical method 
for characterizing the statistics of the number of backlogged 
packets per handover, and derive an estimate for the proba- 
bility of handover-induced packet loss. Using our analytical 
method, we investigate the effect of network parameters on 
the packet loss probability. 

1 Introduction We consider connection-oriented 
packet-switched wireless cellular networks such as wireless 
ATM networks [l] [6]. At a cell’s base station, packets 
destined to mobiles are stored and sent to the cell’s mobile 
stations across forward wireless channels. When a handover 
occurs, i.e., when an active mobile station crosses the 
boundary of a cell, there may be packets resident at the base 
station’s buffer which are destined to this mobile station and 
which have not yet been delivered to it [l]. Such packets are 
identified as backlogged packets. For applications which are 
sensitive to delay fluctuations but are relatively tolerable to 
packet losses, (e.g., packetized voice and video streams, or 
real-time telemetry and state monitoring streams), it is not 
effective to forward these packets to the new base station. 
We thus consider a Backlogged Packet Discard Scheme 
under which all backlogged packets are discarded. In this 
manner, we eliminate additional packet delays caused by 
inter-cell re-routing of backlogged packets. In turn, this 
scheme leads to an increase of the packet loss level due to 
its dropping of the backlogged packets. To guarantee a 
pre-negotiated quality-of-service level, the incurred packet 
loss level must be limited. 

In this paper, we develop an analytical method for 
characterizing the statistical behavior of the process rep- 
resenting the number of backlogged packets per handover. 
Using a mobility model, the packet system-size at the base 
station, embedded at handover instants of time, is modeled 

as a Markov process. Using the probabilistic features of 
this process, we derive an estimate for the probability of 
handover-induced packet loss. Our analytical model includes 
the following network parameters: 
1. the statistics of the call arrival process 
2. the call duration time 
3. the packet-size distribution 
4. average number of mobile stations per unit-area 
5. the transmission-rate across forward channel 
6. radius of the cell 
7. average speed of the mobile station 
We investigate the effect of these parameters on the packet 
loss probability by using the analytical method developed 
here. 

Based 
on this model, we characterize the probabilistic features of 
the handover-related processes. In Section 3, we develop 
analytical methods for the derivation of the statistical 
properties of the number of backlogged packets per han- 
dover, and obtain upper and lower bounds for the average 
number of backlogged packets per handover. Furthermore, 
we present computationally efficient approximation methods 
to calculate this average value. In Section 4, we derive an 
estimate for the probability of handover-induced packet 
loss. Section 5 is devoted to numerical examples which 
exhibit the effect of network parameters on the packet loss 
probability. 

In Section 2, we construct a mobility model. 

2 Mobili ty Model and Handover-related Processes 
The region covered by a wireless cellular network is di- 

vided into cells. We assume that a cell is geometrically rep- 
resented as a disk of radius r and cells are identical in size. 
A BS (base station) is assumed to be located at the center of 
each cell. Suppose that a MS (mobile station) enters a cell 
at time 0. To illustrate the use of a mobility model, we use 
the following model. We set the initial location of the MS 
at time 0 to be uniformly distributed on the cell’s boundary. 
We assume the MS to then move in a straight line across the 
cell. The moving direction of the MS is identified by the an- 
gle 0 which is counterclockwisely measured with respect to a 
line leading to the center of the cell from the initial location 
of the MS. The angle 0 is set to be a uniformly distributed 
random variable in [-5, “1 [4]. Let v denote the speed of 
the MS at time 0. The M%’s speed v is set to be fixed. We 
assume that the moving direction and speed of the MS are 
determined at time 0, and do not change until the MS de- 
parts the cell [3] [4]. Let S denote the cell sojourn time of 
the MS. From trigonometric calculations, we obtain [5] 
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where a = %. From Equation (1) ~ we calculate the mean of 
S to be 

r f v  
Let N ~ s ( t )  denote the number of MS’s which are resid- 

ing in a cell at time t .  Let {En ,  n > 1) and {Qn ,  n > l} 
denote the cell-entrance and cell-departure point processes 
of MS’s, respectively. The cell-entrance process { E n ,  n 2 1) 
is modeled as a Poisson point process with parameter 7 .  
MS’s can be in active or inactive modes. Since the cell so- 
journ times of MS’s are statistically independent and are gov- 
erned by the distribution given in Equation (1)’ the process 
{ N ~ s ( t ) , t  2 0) has the same statistics as the system-size 
process of an M/G/m queueing system with arrival rate 7 
and service time S .  Hence, the number of MS’s 
the following steady-state distribution [a]: 

for m 2 0. The sequence of MS’s cell-departure ti 
{Qn ,  n 2 1) also converges to a Poisson point process with 
parameter 7 .  We assume MS’s to be uniformly distributed 
over the network service region. Let S denote the average 
number of MS’s per unit-area. Then, the average number of 
MS’s per cell is represented as 6 . m2. Using Equation (a), 

For a MS, the sequence of call attempt times, consi 
calls terminating at the MS, are modeled as a Poisson 
process with parameter XC. Call duration times are se 
independent and exponentially distributed with parameter 
pc We assume that only a single connection is allowed 
for a MS at any time. Then, the number of connections to 
a MS can be modeled as the system-size of an 
queueing system with arrival rate Xc an 
From busy cycle analysis for an M/M/1 /1  queue 
[ a ] ,  we conclude the probability that a MS is active at an 
arbitrary time, denoted by E ,  to be 

Let {H,, n 2 1) denote the sequence of handover oc- 
currence times in a cell. Note that a handover occurs when 
an active MS departs a cell Thus, the handove 
process is a subsequence of the MS’s cell-depar 
{ Q n ,  n 2 I-}. Furthermore, since MS’s are i 
in active state with probability E ,  the sequence { H n ,  n - 
converges to a Poisson point process with parameter E . 7 .  
Set y = E 7 .  Then, y represents the handov 
BS, i.e., the average number of handover occur 
BS per unit-time. Set Tn+l = 

r-handover time Tn+l h n exponential distribution 
with parameter y. Using Equation ( a ) ,  we conclude that the 
number of MS’s residing in the cell right before a MS’s cell- 
departure has the following steady-state distribution: 

for m > 1. Let N A M ~  denote the random variable which 
represents, at steady-state, the number of active MS’s in the 

cell right before a handover occurs. Using Equations (3) and 
(4)’ we obtain the distribution for NAMS [5], and calculate 
the mean of N A M ~  to be 

E ( N A M s )  = 1 + tqE(S)  1 1 + E S .  rfr2 

3 Analysis for the Number of Backlogged Packets 
In this section, we derive the statistical properties of the 

number of backlogged packets per handover. For this pur- 
pose, we investigate the packet system-size process at the 
BS. Suppose that packet arrivals at the BS are governed by 
the statistics of a Poisson process with parameter A. These 
packets will be transmitted by the BS to their destined MS’s 
which reside at the underlying cell. We assume that the traf- 
fic flows from the BS to the cell’s active MS’s are uniformly 
distributed among these MS’s. Let x denote the arrival rate 
of packets destined to an active MS. Using Equations (2) and 
(3) ,  we obtain 

x = x . E ’ 7 E ( S ) .  

ckets are served under a FCFS discipline and 
the packet service time is set to its transmission time, 
denoted by r .  Without loss erality, we set T = 1. We 

e these packet flows to be time-division multiplexed 
across a single forward channel. (If multiple forward chan- 
nels are employed, similar analysis applies to each one of 
the channels.) Let X t  denote the number of packets which 
are waiting or in service at the BS at time t .  We consider 
two sequences of the system-size at the BS which are em- 

over occurrence times. Set Yn- = XH,- and 
e., Yn- represents the packet system-size at 

the BS right before the n-th h 

ets at the n-th handover. Then, we have 

Y2 = Yn- - B,. 

d N o  denote the numbers of packet arrivals and 
epartures during the inter-handover time Tn+l = 
,, respectively. Define the following transition prob- 

abilities : 

g ( i , k )  = A P(Y,f = k I Y,- = i ) ,  

(5) 
k=O 

uniformly destine 
at such a time, each packet 
handed-over MS. Let NAMS 

00 

g ( i , k )  =E P ( Y z = k  I NAMs=m,Y,-=i)P(NAMs=m),  
m = l  
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for 0 5 k 5 i and i >_ 0. (Similarly, we can calculate the 
function g( i ,  k )  for heterogeneous traffic flows to MS's.) In 
the following, we obtain an upper bound and a lower bound 
for the transition probability function h ( k ,  j ) .  

Under the following assumption, we provide an upper 
bound for the average number of backlogged packets per han- 
dover . 
Assumption 1 Every packet arrival during an inter- 
handover time is recorded at the end of the inter-handover 
time. The service time for the first packet to be served 
after a handover is equal to 1. 

We note that under this assumption, the maximum number 
of packet departures during the inter-handover time Tn+l is 
equal to the packet system-size right after the n-th handover. 
Using the distributions for the numbers of arrivals and depar- 
tures during the inter-handover time, we calculate the tran- 
sition probability h ( k ,  j )  as follows. Set Poi(E, m) = 
and Geo(E, m) = (1 - [ ) E m  for m 2 0. Then, for IC 2 1, we 
have [5] 

k-1 j - k t m  

m=O n=O 

.Geo(a,j-k+m) . I{m>k-j} - 
j 

+ Poi(Bk, n)  . Geo(a, j ) ,  (6) 
n=O 

and h(0 , j )  = Geo(a,O), where Q = & and p = A + y. 
Thus, under Assumption 1, the process {Y;, n 2 1) is a 
Markov chain with transition probabilities { p ( i ,  j ) ,  i ,  j 2 0) 
defined in Equation (5). Using a numerical method, we can 
obtain the steady-state distribution {fv( i ) ,  i > 0). Let Yv 
denote a random variable which is governed by the steady- 
state distribution. Using the distribution for Yu, we calculate 
the distribution for the number of backlogged packets per 
handover in steady-state, denoted by Bu. Set 6' = E(  &). 
Then, we calculate 

Using the parameter 8, we obtain 

i=m ' ' 

Note that E(&) = E(Yu).  6'. An approximate value for the 
mean of Yu can be calculated from the following equation 
[51: 

cr # 
1 - a  1 - 4  

E(YU) = E(Yu)(l - e )  + - - - [I - w E ( y q  ? (9) 

where cr = L, # = e--Y, and w = # + (1 - #)e .  
Under the following assumption, we provide a lower 

bound for the average number of backlogged packets per han- 
dover. 

A t 7  

Table 1: Network Parameter Values in Figure 1 

average length of inter-call attempt time 1 hour 
average call duration time 100 sec 
packet-size 424 bits 
average number of MS's per unit-area 0.04 /m2 
transmission-rate across forward channel 10 kbps 
cell radius 50 m 
average meed of the MS 15 m/sec 

Assumption 2 Every packet arrival during an inter- 
handover time is recorded at the start of the inter-handover 
time. The service time for the first packet to be served af- 
ter a handover is equal to 0. 

Under Assumption 2, we calculate the function h ( k , j )  as 
follows [5]: 

m m  

h(O,O)=Geo(a,O)+C ~ P o i ( p ( m - l ) , n )  .Geo(cl,m), 
m=l  n=O 

m m  

.. 

h ( k ,  O)=c Poi(P(m+k-1), n)  . Geo(a, m),  
m=O n=O 

c o m  
h ( k , j ) = C  C[Poi(p(m+le--j-l), n)-Poi(P(mtlc-j), n)] 

m=o n = O  

.Geo(a, m) .I{m>j-k+ll, (10) 
for k 2 1 and j 2 1. Under Assumption 2, the process 
{Y;, n 2 1) is a Markov chain with transition probabil- 
ities { p ( i , j ) ,  i , j  2 0) defined in Equation ( 5 ) .  Using a 
numerical method, we calculate the steady-state distribu- 
tion for the Markov chain {Yn-, n 2 l}, which is denoted by 
{f~(i), i 2 0). Let YL denote a random variable governed by 
such steady-state distribution. Then, using the same method 
used in Equation (8), we obtain the steady-state distribution 
for the number of backlogged packets per handover, denoted 
by BL. Note that E(BL)  = E(YL) .6', where 6' is given in 
Equation (7).  An approximate value for the mean of YL can 
be calculated from the following equation [5]. 

where Q = &, 4 = e-7, and w = 4 + (1 - #)e. 
Figure 1 shows the average number of backlogged pack- 

ets per handover with respect to the traffic load per MS. The 
parameter values used in this figure are summarized in Ta- 
ble l. In comparison with simulation results, the upper and 
lower bounds are tight in the region of low loading levels. 
However, these bounds become looser as the loading level is 
higher. The values calculated by the upper bound based ap- 
proximation method as expressed by Equation (9) are shown 
to yield tighter approximation to the simulation results. We 
observe that the values calculated by the lower bound based 
approximation method, as expressed by Equation (ll), are 
also tighter in relation with simulation results. 
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4 Packet Loss Probability In this section, we derive 
an estimate of the probability of handover-induced packet 
losses. Consider a call destined to a MS. Let Tc denote 
the call duration time. Recall that the call duration time 
Tc is assumed to have an exponential distribution with pa- 
rameter p ~ .  Let NH denote the number of handover occur- 
rences associated with an active MS during a Call terminat- 
ing at the MS. The MS stays in a cell for a period of time 
which is equal to its cell sojourn time S, whose distribu- 
tion function F s ( z )  = P ( S  5 z) is given by Equation (1). 

m 2 1) denote an i.i.d. sequence of random vari- 
ables which are governed by the distribution function FS (x). 
Then, the distribution of NH is calculated as 

n = l  

where Gs(s )  is the Laplace-Stieltjes transform of the distri- 
bution function F s ( z ) .  Thus, we have 

Let Np denote the number of packets which are destined to 
an active MS and which are generated during a call termi- 
nating at the MS. We assume that these packet arrivals at 
the BS follow a Poisson process. Note that the arrival rate 
of packets destined to an active MS during calls terminating 
at the MS is equal to +. Thus, we calculate the mean of N p  
to be - 

\ 

We derive an estimate of the packet loss probability, denoted 
by p ~ ,  as follows. 

where B is the number of backlogged packets per handover 
in steady-state, and E ( B )  is given the formulas obtained 
in Section 3. 
5 Numerical Examples In Sections 3 and 4, we have 
presented analytical methods for the calculation of the aver- 
age number of backlogged packets per handover, as well as 
derived an estimate for the packet loss probability. In the 
following, we illustrate the effect o parameters on 
the packet loss probability, by usin er bound based 

thod. Focusing on three parameters (the 
nsmission-rate across the forward channel 

and the average number of MS’s per unit-area), we investi- 
gate the impact of these parameters on the packet loss prob- 
ability, for the Backlogged Packet Discard Scheme. Other 
parameter values selected in the following illustrations are 
summarized in Table 2. 

In Figure 2, we d trate the effect of the cell radius 
on the packet loss pr ity, when the transmission-rate 
across the forward channel is fixed to be 200 kbps. We ob- 

as the cell radius increases, the packet loss proba- 
ases. This is explained by noting that the average 
MS’s in a cell increases as the cell size increases. 

As a result, the traffic intensity at the BS and the fractional 
channel loading level also increases, noting that the channel’s 

Table 2: Network Parameter Values in Section 5 

average length of inter-call attempt time 1 hour 
average call duration time 100 sec 
packet-size 424 bits 
traffic load for an active mobile station 10 kbps 
average speed of the mobile station 15 m/sec 

transmission-rate is fixed. 
In Figure 3,  we show the packet loss probability with 

respect to the average number of MS’s per unit-area. In this 
figure, the transmission-rate is fixed at 200 kbps, and three 
values are chosen for the cell radius (30, 50, 70 m). As the av- 
erage number of MS’s per unit-area increases, the traffic load 
level at the BS increases. Consequently, the packet loss prob- 
ability also increases. As indicated in Figure 2, the packet 
loss probability increases as the cell size increases. Clearly, to 
support a large number of users, a higher user density level 
is preferred. On the other hand, the packet loss probabil- 
ity must be limited to guarantee a pre-negotiated quality-of- 
service level. Thus, we formulate the following optimization 
problem: 

Given 
maximize 
subject to 

channel’s transmission-rate and cell radius 
average number of MS’s per unit-area 
packet loss probability 5 a prescribed value 

The problem is readily solved using the associated charac- 
teristics (monotonistic feature relative to the parameters of 
interest) of the derived performance functions. In Figure 4, 
we show the optimal values for the average number of MS’s 
per unit-area with respect to the selected cell radius. In this 
figure, the transmission-rate is fixed at 200 kbps, and the 
prescribed threshold level for the packet loss probability is 
set equal to 0.1% and 0.2%. 
6 Conclusions In this paper, we CO 

oriented packet-switched wireless cellular 
plications which are sensitive to delay fluctuations but are 
relatively tolerable to packet losses, we have investigated a 
Backlogged Packet Discard Scheme under which all packets 
which are backlogged due to connection handover are dis- 
carded. In order to evaluate the incurred packet loss level, 
we have taken the following steps: 
1. A mobility model is used, and the statistical properties of 
the handover-related processes are characterized. 
2. We have developed analytical methods for the calcula- 
tion of an upper bound and a lower bound for the average 
number of backlogged packets per handover. We have also 
presented computationally efficient approximation methods 
to calculate this average value. 
3. Using the probabilistic features of the number of back- 
logged packets per handover, we have derived an analytic 
estimate function for the packet loss probability. 

Using our analytical method, we have investigated the 
effect of network parameters on the packet loss probability. 
We observe the following features and results. 
1. Consider a wireless cellular network supporting a given 
number of subscribers. As the cell-size increases, more mo- 
bile stations reside in each cell. Consequently, at the base 
station, the intensity of the traffic process destined to mobile 
stations increases. The frequency of handovers per unit-time 
per cell is noted to increase as well. However, for each mobile 
station, the average number of handovers experienced by a 
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call decreases as the cell-size increases. 
2. Under a fixed value for the transmission-rate of the chan- 
nel(s) used to transport packets from the base station to the 
mobile stations, the packet loss level increases as the cell ra- 
dius increases. The increase in the intensity of traffic load at  
the base station dominates in comparison with the realized 
decrease in the average number of handovers incurred by a 
call. 
3. When the traffic intensity at  the base station is fixed 
(by controlling the channel’s transmission-rate), the packet 
loss level decreases as the cell radius increases. Then, the 
handover occurrence rate at  the base station increases and 
backlogged packets are discarded more frequently. As a re- 
sult, the average number of backlogged packets per handover 
decreases and the packet loss level also decreases. 

Using our derived analytical method for the calcula- 
tion of the packet loss probability, we have obtained per- 
formance curves which guide the designer in selecting suit- 
able values for the network parameters, (e.g., cell radius and 
transmission-rate) so that a prescribed packet loss level is 
guaranteed. 
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