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Abstract 

We consider second generation wireless cellular networks 
ch as IS-54, IS-95 and GSM. These are circuit-switched 
gital networks which employ dedicated radio channels f o r  
e transmission of signaling information. A forward sig- 
ding channel is a common signaling channel assigned to  
rry the multiplexed stream of paging and connection ullo- 
t ion packets f rom a base station to  mobile stations. A re- 
rse signaling channel, which employs a contention-oriented 
edium access algorithm, i:s used b y  mobile stations to  send 
nnection request packets {requesting the allocation of a call 
'cuit). A location area includes a specified set of adjacent 
(1s. Mobile units must re-register as they cross the bound- 
y of a location area. The connection set-up time and the 
ging response delay are critical factors in  the design o f t h e  
inaling system. A location area structure must be opti- 
zlly selected to  ensure thut acceptable levels of connecition 
!-up t ime and paging response delay are achieved. I n  this 
per, combining the operation of forward and reverse signal- 
7 channels, we present an analytical method f o r  calculating 
3 distribution functions o j  connection set-up t ime and pag- 
7 response delay. W e  subsequently investigate the impact 
the location area architecture on the performance of sig- 
ling channels. The resuliling model and formulas provide 
important basis f o r  the selection of the location area struc- 

ne .  

Introduction 
We consider second generation wireless cellular networks 

:h as IS-54, IS-95 GSM [l] [a] [9]. These are circuit- 
itched digital networks which employ separate dedicaked 
lio channels for the transmission of signaling information. 
forward signaling channel is a common signaling channel 
iigned to carry the multiplexed stream of paging and con- 
:tion allocation packets transmitted from a base station to 
)bile stations. Paging packets are broadcasted by the base 
"tion across the forward signaling channel to alert a mobile 
kion to an incoming call. Upon receipt of a response from 
2 destined mobile, or upon receipt of a connection request 
fm a call initiating mobilse, the base station selects traffic 
znnels to be allocated to the connection (when admitted), 
d transmits a connection allocation packet across the for- 
.rd signaling channel. On the other hand, a reverse siginal- 
; channel, which employis a contention-oriented medium 
:ess algorithm such as a slotted ALOHA protocol, is used 
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by mobile stations to send connection request packets. A 
mobile station generates a connection request p,xket when 

'1. the mobile station is paged, 
2. the mobile station initiates a call, or 
3 .  the mobile station crosses the boundary of a location 

area. 
Geometrically, the region covered by it wireless cellular 

network is divided into location areas. A location area con- 
sists of one or more adjacent cells. A location area is the basic 
unit for mobility management. A mobile station inust update 
its location information whenever it crosses the boundary of 
a location area. As the size of the location area increases, the 
uncertainty of the location of a mobile station rises, and the 
nurnber of broadcasted paging packets increases. As a result, 
the paging packet arrival rate at the base station increases. 
Hiowever, the average number of c0nnectio.n request packets 
generated by mobile stations decreases, since the frequency 
of location updates is lowered. 

In selecting the geometric span of the location area, it is 
necessary to incorporate the following factors. 

1. The connection set-up time must be properly limited. 
To achieve acceptable quality-of-service levels, a dedicated 
c;dI-channel must be allocated in a timely fashion to accom- 
modate newly initiated calls and re-registration requests. 

2. For calls destined to a mobile station, the base station 
broadcasts paging packets to alert the destined mobile. The 
mobile station then transmits a.cross the reverse signaling 
channel a connection request pa.cket. The latter also used 
to acknowledge the transmission of the paging packet. The 
time elapsed from the moment a paging packet arrives at, the 
base station to the moment a connection allocation packet 
is successfully delivered to the mobile station, (identified as 
the paging response delay,) is a critical factor. To avoid ex- 
cessive time-out rates by the initiating pa,rty, and to yield 
acceptable circuit set-up times, it is necessary to limit the 
paging response delay. 

3.  For calls initiated by a mobile, a connection request is 
transmitted across the reverse signaling channel to the cell's 
base station. Once a connection request is received by the 
base station, a connection allocation pack:et is sent to the 
requesting mobile station. If the latter is not received by 
the expiration of the acknowledgement tirne-limit, the mo- 
bile station retransmits the connection request packet, and 
the allocated channel is released. Such an event degrades the 
throughput efficiency of the signaling channels. To achieve a 
high quality of service, the proba.bility of connection request 
blocking must be limited to  an acceptable level. 

At the base station, paging and connection alloca- 4. 
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tion packets are multiplexed, and delivered to  mobile stations 
across the forward signaling channel. The delay performance 
of these packets are affected by the employed multiplexing 
scheme. 

In this paper, we investigate the impact of the location 
area structure on the connection set-up time and the paging 
response delay. Our results provide a basis for the optimiza- 
tion of the location area structure with respect to  the per- 
formance of the underlying signaling subsystems. 

In Section 2, we describe the medium access protocols 
for forward and reverse signaling channels. In Section 3 ,  we 
develop a mobility model for the purpose of calculating the 
location update rate. In Section 4, we introduce basic call- 
related and mobility-related parameters. Using these param- 
eters, we provide expressions for the paging and connection 
request rates. In Section 5, under the candidate multiplex- 
ing schemes, we present an  analytical method for calculating 
the delay distributions of paging and connection allocation 
packets. In Section 6,  based on the prescribed limits on 
the acknowledgement time and the maximum number of re- 
transmissions, we calculate the delay and throughput perfor- 
mance of the reverse signaling channel, considering the use 
of a slotted ALOHA scheme. In Section 7,  we present an 
analytical method for the calculation of distribution func- 
tions for the connection set-up time and the paging response 
delay. Section 8 is devoted to  numerical examples and perfor- 
mance comparisons, demonstrating the underlying trade-offs 
involved in the selection of the location area structure. 

2 Description of Medium Access Schemes 

The forward signaling channel is used for the transport 
of PG (paging) and CA (connection allocation) packets from 
the BS (base station) to  the MS’s (mobile stations). PG 
and CA packets are multiplexed and are transmitted across 
this forward signaling channel. We assume time to  be di- 
vided into slots. We assume that P G  and CA packets have 
the same fixed length and that it takes a single slot time 
to  transmit a packet. (A packet transmission starts at the 
beginning of a slot.) I t  is possible to  multiplex PG pack- 
ets and CA packets across the forward signaling channel in 
accordance with many different schemes El]. In this paper, 
we consider two multiplexing schemes denoted as Scheme h 
and Scheme B. These multiplexing schemes are characterized 
by distinctive access priority assignment. Under Scheme A ,  
high access priority is given to  P G  packets. A nonpreemp- 
tive service discipline is used so that the transmission of CA 
packet is not interrupted at  the arrival of a P G  packet. Un- 
der Scheme B, CA packets are granted high access priority. 

CR (connection request) packets are generated by MS‘s 
and transmitted across the reverse signaling channel which 
employs a slotted ALOHA scheme. The channel time is slot- 
ted. We assume that  it takes a single slot time to  transmit 
a C R  packet. In this paper, we consider a slotted ALOHA 
scheme as described in the following: 

1. A C R  packet transmission starts a t  the beginning of a 
slot. 

2. Whenever a MS generates a C R  packet, the MS waits 
for a random period of time before transmitting the C R  
packet. 

3.  If a MS does not receive an explicit reply from the 
BS within an acknowledgement time-limit after sending a 
CR packet, the connection request is assumed to  have failed. 
The MS attempts then to  retransmit the CR packet a t  a 

randomly selected time slot. 
4. A MS is allowed to  retransmit a C R  packet finite13 

many times. 
In Section 5, we present an  analytical method for cal- 

culating the delay distributions for PG and CA packets a1 
the BS. In Section 6,  we derive the throughput of the revers6 
signaling channel. 

3 Location Area Structure and Mobility Model 
The region covered by a wireless cellular network is di- 

vided into LA’S (location areas). Each LA is subdividec 
into multiple adjacent cells. We assume that  a cell is geo 
metrically represented as a disk of radius r ;  cells are iden 
tical in size. A BS is assumed to  be located at  the centei 
of each cell. Given the number of cells per LA, the struc- 
t.ure of a LA is designed so that its perimeter is minimized 

Let D denote a disk of radius r centered at ( O , O ) ,  i.e. 
D = {(x ,y)  : x2 + y2 < r } .  Suppose that a MS enter: 
D at time 0. Let ( X t , Y t )  denote the location of the MS a 
time t .  We set (X0,YO) to  be a uniformly distributed ran 
dom vector on dD. Let V denote the speed of the MS a 
time 0. We set V to  be uniformly distributed in [v,,,, vmaX] 
The moving direction of the MS is identified by the angll 
0 which is counterclockwisely measured with respect to  thl 
line leading to  (0,O) from (X0,Yo) .  The angle 0 is set tc 
be a uniformly distributed random variable in ( - 5 )  5 ) .  Wt 
assume that the moving speed and direction of the MS ar’ 
determined at time 0,  and do not changed until the MS quit 
D [4]. Let S denote the sojourn time of the MS in D. Fror 
trigonometric calculations, we have [$I: 

(1 
4r E(S) = log( +) 

r(Vma.x - umin) umin 

4 Paging Rate and Connection Request Rate 
As stated in Section 1, a MS generates a C R  packet whe: 

the MS is paged, initiates a call, or crosses the boundary c 
a LA. A PG packet is broadcasted by all BS’s in a LA acros 
the forward signaling channels. We introduce the followin 
basic parameters : 
XMTC mobi le te rmina t ing  call ra te (cal ls/MS/uni t - t ime) 
Xmoc mobi le or ig inat ing call ra te (cal ls/MS/uni t - t ime) 
XCBC cell boundary crossing ra te  (crossings/MS/unit-time) 

The cell boundary crossing rate is defined to  be the averag 
number of cell boundary crossings per MS in a unit-timc 
Using the mobility model presented in Section 3 ,  we hav 

1 
PI : 

xcsc = ~ (f 
E(S) ’ 

where E(S) is given by (1). The paging rate represents t h  
average number of P G  packets which arrive at a BS durin 
a unit-time. Let A b G  denote the paging rate at the 8 th  ce 
of a LA. Then, we have 

AEG = xMTC ‘ S. nc ) (: 

where 5 is the average number of MS’s per cell and nc is th 
number of cells per LA. When a MS crosses the boundary ( 
a LA, the MS must report its location information to  the B 
(which then forwards a new registration data  to  the new L. 
mobile switching center). For this purpose, the MS request 
a connection. We define the location update rate as th 
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verage number of CR packets generated in a cell per unit- 
ime for the purpose of location update. Let ALu denote 
he location update rate at the kth cell of a LA. Then, the 
)cation update rate can be expressed as 

(4) 
k 

ck  ‘ ACBC ‘ 8 ,  

ihere the coefficient c k  is the fraction of the length of bound- 
ry of the kth cell relative -to the perimeter of the cell, which 
5 also the boundary of th’e LA. The coefficient ck is deter- 
lined by the number of cells per LA nc and the position of 
he kth cell in the LA. 

The primary connection request rate (for calls initiated 
y MS’s) is defined to  be the average number of C R  packets 
enerated in a cell per unit-time, excluding the C R  packets 
roduced by retransmissions. Let A &  denote the primary 
mnection request rate a t  the kth cell of a LA. Using the 
asic parameters and Equation (4), we have 

& = (XMTC .+ XMOC) ’6 + ~ [ u  
= (XMTC .t XMOC + c t  . XCBC) .6 . (5) 

rom Equations ( 3 ) - ( 5 ) ,  we observe that as the numb’er of 
311s per LA ( n ~ )  increases, the average paging rate in it LA 
icreases, while the average primary connection request rate 
1 a LA decreases. 

Packet Delay Ana:lysis for Forward Signatling 
Channel 
The region covered by a wireless cellular network is par- 

tioned into cells, and a BS is located in each cell. The BS in 
cell delivers multiplexed stream of PG and CA packets t o  
E ’ s  residing in the cell. A PG packet is assumed to  have the 
tme length as a CA packet. We assume that time is divided 
ito slots and that  one slot duration is equal to  the packet 
ansmission time. We coinsider two multiplexing schemes, 
:hemes A and B, described in Section 2. At the BS, the ar- 
val streams of CA packets and of PG packets are modeled 

independent geometric point processes. Let XPG and XCA 
mote the arrival rate of PG and CA packets, respectively. 
he packet arrival rate is measured as the average number 
. packet arrivals per slot time, so that a PG (CA) packet 
:rival occurs in a slot with probability XPG (A,,), and no 
scket arrival occurs with probability 1 - XPG (1 - XCA). De- 
ne the completion time of a packet to  be the sojourn time 

the packet at the top of the queue; i.e., it represents the 
me elapsed from the instant a packet is placed at the head 
’ the queue to  the instant that it is transmitted acrosc; the 
iannel. Let CPG and C C ~  denote the completion timmes of 
G and CA packets. Under Scheme A,  high access priority 
given to  PG packets so that there is no P G  packet wait- 
g in queue, and the CA packet a t  the head of the queue 
transmitted by using the first slot in which no PG packet 

*rives. Therefore, we have [7]: CPG = 1 a.s., and 

lr n 2 1. Thus, the number of CA packets waiting or 
L service at the BS can be modeled as a system-size of a 
eom/Geoni/l queueing system in which the arrival rate is 
“A and the service time it< CCA whose distribution is given 
7 (6). Let DPG and DCA denote the delay times of P G  and 
A packets in steady state. Then, DPG = 1 a.s., and 

P(Dc* = n) = (1 - , (7) 

for n 2 1, where T = l”’x“,, . Note that  the random variable 
DCA exists if XPG + XCA < 1. 

Under Scheme B, CA packets are granted high access 
priority. Interchanging the roles of PG andl CA packets under 
Scheme A, we obtain DCA = 1 a s . ,  and 

P(DPG = n)  = 1:1 - r ) ~ - - l  , (8) 

€01 n 2 1, where T = li:;G. Note that the random variable 
D ~ G  exists if XPG + ACA < 1. 

6 Performance Analysis for Reverse Signaling 
Channel 
A CR packet generated by a MS is transmitted across 

the reverse signaling channel. The latter employs a slotted 
ALOHA multiple-access scheme. The delay-throughput per- 
Foormance of slotted ALOHA systems was btudied extensively 
(see [1] [5] [6]). In this section, we present, an expression for 
the delay-throughput performance of the reverse signaling 
channel. The results of this section will bc used for the anal- 
,ysis of the connection set-up time and the paging response 
delay presented in Section 7. 

We define A k H  to  be the channel’s CR rate (including 
the CR rate incurred by retransmissions), and ,AiDM to be 
the admitted C R  rate, at the kth cell of a LA. (A primary 
connection request is said to  be admitted if an  explicit reply 
From the BS is received within the acknowledgement time- 
out period.) A C R  packet’s transmission may fail due to 
the occurrence of a collision or due to an acknowledgment 
lirne-out. A C R  packet collides with others when more than 
one MS simultaneously transmit CR packets. An acknowl- 
edgement time-out takes place when the lLrS does not receive 
(In explicit reply from the BS within the acknowledgement 
time-out period. Let pkoL  denote the collision probability 
l-or a CR packet, and p$o denote the time-out probability for 
it non-colliding CR packet, at the the kth cell of a LA. Let 
T and 7 denote the length of the acknowledgement time-out 
period and the propagation delay incurred at the signaling 
channel. Then, we have [8] 

for T 2 27 + 1. Let pb denote the failure probability for a 
connection request at the kth cell of a LA. Then, 

(10) 
k 

PE = P t O L  + (1 - Pcod . P k O  ‘ 

!suppose that a MS is allowed to  retransmit a 1 3 3  packet as 
inany as v times. Let iVk denote the number of retransmis- 
sions for a connection request. Then, Nk follows a truncated 
geometric distribution such that 

‘The channel’s and the admitted CR rates are expressed as 
€ollows: 
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Using Equations (9)-( la) ,  we numerically calculate X k H  and 
A i D M .  Note that the CA packet arrival rate at  the kth cell 
of a LA is AbA = XkHe-';H, since the BS allocates a call- 
channel for a non-colliding connection request. 

7 Connection Set-up Time and Paging Response 
Delay Analysis 
A MS generates a CR packet and transmits it across the 

reverse signaling channel. The BS acknowledges the request 
(if it is successful) by sending a CA packet to the MS. (We 
assume that the BS has a sufficient number of call-channels.) 
The connection set-up time is defined to be the time elapsed 
from the moment a MS generates a CR packet to the mo- 
ment the MS receives the corresponding CA packet from the 
BS. Note that the connection set-up time is defined only for 
admitted connection requests. Let U denote the random pe- 
riod of time that a MS should wait before transmitting a 
CR packet. We set U to have a discrete uniform distribution 
in {umi,,, . . . , umax}. Let T& denote the connection set-up 
time at  the lcth cell of a LA. Then, we have the following 
expression for T&: 

n=l 

where is the number of packet retransmissions incurred in 
the admission of a primary connection request, and {U,, , n 2 
1) represents a sequence of i.i.d. random variables governed 
by the distribution for U.  The random variable fik has a 
normalized truncated geometric distribution [8]. Note that 
D&* is the CA packet delay at  the kth cell of a LA defined in 
Equations (7) and (8). Let Tcs denote the overall connection 
set-up time in a LA. Then, we set 

For calls destined to a mobile, the BS broadcasts PG 
packets, and the destined MS sends a CR packet as a positive 
acknowledgement across the reverse signaling channel. The 
paging response delay is defined to be the time elapsed from 
the instant that  a PG packet arrives at the BS to the instant 
that  the CA packet corresponding to the connection request 
is successfully (within the prescribed acknowledgement time- 
out period) delivered to the destined MS. Let T;R denote 
the paging response delay at the kth cell of a LA. Using the 
connection set-up time Tks defined in (13), we write 

T:R = DbG + T i s ,  (15) 

for 1 5 k 5 ne, where D:G. is the PG packet delay at  the 
BS and its distribution function is given in Equations (7) and 
(8). Let TPR denote the overall paging response delay in a 
LA. Then, 

- nc 

Using Equations (13)-(16), we obtain the distribution func- 
tions for the overall connection set-up time and the overall 
paging response delay [$I. 

8 Numerical Examples 

In Section 7, we have presented an analytical method 
for deriving statistical properties of the connection set-up 
time (Tcs) and the paging response delay (TPR). These ran- 
dom variables depend on network parameters such as mobile 
terminating call rate (XMTC), mobile originating call rate 
( X ~ o c )  and cell boundary crossing rate (XCSC). In this 
section, we present examples illustrating the mean and the 
standard deviation functions of the connection set-up time 
and the paging response delay, with respect to the number 
of cells per LA (ne) .  We use E(Tcs) + 3 .  d m  and 
E ( T ~ R )  + 3 . Jm to indicate the probabilistic peak 
levels of the connection set-up time and the paging response 
delay, respectively. For the examples presented in this sec- 
tion, we adopt the following criterion for the length of the 
acknowledgement time-out period ( T )  and the threshold for 
the number of retransmissions ( U ) :  We set 7- to be the mini- 
mum number which guarantees that in any cell of a LA the 
time-out probability (p!j$,) does not exceed 1%. We also set 
the threshold for the number of retransmissions to be the 
minimum number which guarantees that  in any cell of a LA 
the blocking probability does not exceed 1%. 

In Figures 1 and 2, we set X M T C . ~  = X ~ o c . 5  = 0.05 and 
XCBC . 5 = 0.25. Using these parameter values, we demon- 
strate the behavior of average and peak levels of the connec- 
tion set-up time and the paging response delay with respect 
to the number of cells per LA. The peak levels of the coli- 
nection set-up time and the paging response delay decrease 
when the number of cells per LA (ne)  is low. In this domain, 
the location update rate is dominant. For higher values of 
of R C ,  these peak levels increase, as the paging rate becomes 
the dominant factor. Note that under Scheme A, PG packets 
are granted high access priority, while high access priority is 
given to CA packets under Scheme B. We observe that the 
n~ which minimizes the peak level of the connection set-up 
time (paging response delay) under Scheme B is different 
from the one selected under Scheme A. In these figures, we 
also compare the average and peak levels of the connection 
set-up time and the paging response delay incurred under 
Scheme A with those levels obtained under Scheme B. For 
1 5 nc 5 12, we observe that Scheme B exhibits better per- 
formance for both the average and peak levels. Such a phe- 
nomenon is explained as follows: Under Scheme B, CA pack- 
ets are granted high access priority so that  the CA packet 
delay time is equal to its transmission time. As a result 
we can choose a small value for the length of the acltnowl- 
edgement time-out period, compared with the one used for 
Scheme A. Moreover, comparing with the values selected for 
retransmission threshold ( T ) ,  we note the following: Undei 
Scheme B. a smaller value can be selected. 

9 Conclusions 

In this paper, focusing on forward and reverse signal- 
ing channels used by second generation (circuit-switched anc 
digital) wireless cellular networks, we have investigated the 
impact of the location area structure on the connection set- 
up time and the paging response delay. In order to  calculatc 
the distribution functions of these performance measures, wf 
have taken the following steps: 

1. The location area structure affects the paging and lo- 
cation update rates. We develop a mobility model to  obtair 
an expression for the location update rate. 
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2. We evaluate the throughput of the reverse signaling 
:hannel as a function of the paging and connection request 
.ates, under prescribed limits on the maximum number of 
-etransmissions and the maximum time a mobile stat:ion is 
,eady to wait for a response. 

3. For the forward signaling channel, we consider rnulti- 
ilexing schemes for the transmission of the paging and! con- 
iection allocation packets. Access priority assignments are 
Ised. We present an analytical method for calculating the 
iistribution functions of queueing delays incurred by these 
iackets a t  the base station. 
t‘hese results are used to compute the distributions of the 
:onnection set-up time and the paging response delay. 

Using the performance analysis method derived here, we 
)resent a number of examples which illustrate the method 
ised for the optimal selection of the location area structure, 
vith respect to the objective functions which include the av- 
:rage and peak levels of the connection set-up time and the 
)aging response delay. These examples demonstrate the fol- 
owing points. 

1. The optimal structure (size) of a location area is de- 
ermined by the paging a.nd location update rates. When 
he cell boundary crossing rate is high (due to a high moving 
peed and/or a small cell size), we can reduce the connection 
et-up time and the paging response delay by increasing the 
eographical span of the location area. 

2. Under the multiplexing scheme in which high acces8s pri- 
‘rity is given to connection allocation packets, the location 
rea structure which minimizes the peak level of the connec- 
ion set-up time is not necessarily identical to the struscture 
rhich minimizes the peak level of the paging response delay. 

3.  Under a wide range of network parameter values, the 
iultiplexing scheme which grants high access priority tom con- 
ection allocation packets is superior to the one in vvhich 
igh priority is given to paging packets, when the average 
lid peak levels of the connection set-up time and the paging 
:sponse delay are considered as key performance meas’ures. 

The methods and techniques presented in this paper can 
e employed to select the desirable structure (geographical 
3an) of the location area in conjunction with the multiplex- 
ig algorithm used for the forward signaling channels anmd the 
iultiple-access scheme employed to share the reverse signal- 
ig channels. 
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Figure 2. Peak levels of connection set-up t i m e  
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