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Abstract—n general packet radio service (GPRS), a mobile
station (MS) is tracked at the cell level during packet transmission,
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and is tracked at the routing-area (RA) level when no packet

is delivered. A READY timer (RT) mechanism was proposed in
3GPP 23.060 to determine when to switch from cell tracking to

RA tracking. In this mechanism, a threshold interval T is defined.
If no packet is delivered within T', the MS is tracked at the RA N,

level. When a packet arrives, the MS is tracked at the cell level

again. However, the RT mechanism has a major fallacy in that the

RTs in both the MS and the serving GPRS support node may lose
synchronization. This paper considers another mechanism called
READY counter (RC) to resolve this problem. In this approach, a Ny
threshold K is used. Like the RT approach, the MS is tracked

at the cell level during packet transmission. If no packets are

delivered after the MS has madeK cell crossings, the MS is
tracked at the RA level. We also devise an adaptive algorithm
called dynamic RC (DRC). This algorithm dynamically adjusts -
the K value to reduce the location update and paging costs. We *(Ny,, k™) The probability that afteV;, cell movements, an
propose analytic and simulation models to investigate RC, RT,
and DRC. Our study indicates that RC may outperform RT. We

also show that DRC nicely captures the traffic—mobility patterns
and always adjusts theK threshold close to the optimal values.

Index Terms—General packet radio service (GPRS), mobile net- ton i
work, mobility management (MM), wireless data. 7
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NOMENCLATURE

The probability that aroN-period is followed by g
anoFFperiod in the same session.

The total number of states for amlayer RA
random walk.

The number of boundary edges inafayer RA.
The expected total cost for location update an
terminal paging during,,.

The net cost in an idle period with threshaid
The expected location update cost duripg
The expected terminal paging cost duripg
The density function for the,, ; distribution.
The density function for the, distribution.
The Laplace Transform for thg distribution.
The RC threshold.

The expected value for thsg, ; distribution.
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The expected value for thg distribution.

The expected value for ther~periodst,; distri-
bution.

The expected value for the intersession idle pe-
riodst,, distribution.

The number of cell crossings durirng

The number of RA crossings occurring between
thej + 1th cell crossing and th&.th cell crossing
during,,.

The number of location updates (cell updates plus
RA updates) during,.

The probability that afteV,,, cell movements, an
MS crosseé RA boundaries provided that the MS
is initially in an arbitrary cell of an RA.

MS crosses:* RA boundaries provided that the
MS is initially at a boundary cell of an RA.

The number of cells in an-layer RA.

The RT threshold.

The cell residence time of an MS at cél}.

The time interval between the end of a packet
transmission and the beginning of the next packet
transmission.

The cost for a cell/lRA update.

The cost for paging in a cell.

The variance for the,, ; distribution.

The probability that an MS will leave an RA at
the kth step provided that the MS is initially in an
arbitrary cell of the RA.

The probability that after an MS enters an RA, it
moves out of the RA at thkth step.

. INTRODUCTION

ENERAL PACKET radio service (GPRS) provides

packet-switched data services for existing mobile
telecommunication networks such as global system for mobile
communications (GSM) and digital advanced mobile phone
service [10]. GPRS core network has also evolved into 3G

network (i.e., universal mobile telecommunications (UMTS)
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July 3, 2002. The editor coordinating the review of this paper and approving@r wireless Internet services. The network architecture of

for publication is Y. Fang. The work of Y.-B. Lin was supported in part by MOEGSM/GPRS is shown in Fig. 1. In this figure the dashed

4—-4, FarEastone, the . . . A,
Iénes represent signaling links, and the solid lines represent

data and signaling links. The core network consists of two

Y.-B. Lin was with the Department of Computer Science and Informatiogarvice domains: aircuit—switched(CS) service domain (i.e.
Engineering, National Chiao Tung University, Hsinchu 30050, Taiwan, R.O. ’

He is now with the Institute of Information Science, Academia Sinica, Taiwa%STN/ISDN) and apacket—swnche(aPS) service domain (|.e.,

R.O.C. (e-mail: liny@csie.nctu.edu.tw).

IP). GPRS is evolved from GSM by introducing two new

S.-R. Yang is with the Department of Computer Science and Informatigdhre network node$erving GPRS support noolSGSN) and

Engineering, National Chiao Tung University, Hsinchu 30050, Taiwan, R.O.
(e-mail: sjyoun@csie.nctu.edu.tw).
Digital Object Identifier 10.1109/TWC.2003.819034

%ateway GPRS support nadexisting GSM nodes including
base station subsystefBSS),visitor location registefVLR),

1536-1276/03$17.00 © 2003 IEEE



LIN AND YANG: MM STRATEGY FOR GPRS

GPRS/GSM MS

BSS: Base Station Subsystem
HLR: Home Location Register
MS: Mobile Station

VLR: Visitor Location Register

Fig. 1. Network architecture of GSM/GPRS.

and home location registe(HLR) are upgraded. GPRS BSS T2)
consists ofbase transceiver station®TSs) andbase station
controller (BSC) where the BSC is connected to the SGSN
through frame relay link. The BTS communicates with the T3)
mobile station (MS) through the radio interfatien based on

the time-division multiple-access technology.

The cells (i.e., radio coverages of BTSs) in a GPRS serviceT4)
area are partitioned into several groups. To deliver services to
an MS, the cells in the group covering the MS will page the MS
to establish the radio link. Location change of an MS is detected
as follows. The cells broadcast their cell identities. The MS pe-
riodically listens to the broadcast cell identity and compares it
with the cell identity stored in the MS’s buffer. If the compar-
ison indicates that the location has been changed, then the MS
sends the location update message to the network.

In the CS domain, cells are partitioned irlazation areas
(LAs). The LA of an MS is tracked by the VLR. In the PS do-
main, the cells are partitioned intouting areagRAS). An RA
is typically a subset of an LA. The RA of an MS is tracked by the
SGSN. The SGSN also tracks the cell of an MS when packets
are delivered between the MS and the SGSN.

In GPRS, the mobility management (MM) activities for an
MS are characterized by an MM finite state machine exercised

T5)

1179

BTS: Base Transceiver Station

GGSN: Gateway GPRS Support Node
MSC: Mobile Switching Center

PSTN: Public Switched Telephone Network
SGSN: Serving GPRS Support Node

READY—IDLE. This transition is triggered by the MS
or the SGSN when the MS is detached from the GPRS
network.

STANDBY—READY. This transition occurs when the
MS sends a packet data unit to the SGSN, possibly in
response to a page from the SGSN.
READY—STANDBY. This transition is triggered by ei-
ther the SGSN or the MS. In GPRS R&ADY timer
(RT) is maintained in the MS and the SGSN. If no
packet data unit is transmitted before the timer expires,
then this MM transition occurs. The length of the RT
can only be changed by the SGSN. The MS is informed
of the RT value change through messages such as At-
tach Accept and RA Update Accept. This MM transi-
tion may also occur when the SGSN forces to do so
or when abnormal condition is detected during radio
transmission.

STANDBY—IDLE. This transition is triggered by the
SGSN when tracking of MS is lost. This transition
may also be triggered by SGSN when the SGSN
receives a Cancel Location message from the HLR,
which implies that the MS has moved to the service
area of another SGSN.

in both the SGSN and the MS. There are three states in the Maansition T4 merits further discussion. In tReapy state, the
chine. In theDLE state, the MS is not known (i.e., not attachedyis expects to receive packets in short intervals. Therefore,
to GPRS. In thesTANDBY state, the MS is attached to GPRS an@hen the MS moves to a new cell, it should inform the SGSN
the MS is tracked by the SGSN at the RA level. In HEBADY  of the movement immediately. In this way, the SGSN can
state, the SGSN tracks the MS at the cell level. Packet data ugjiiver the next packet to the destination cell without paging
can only be delivered in this state. Descriptions of transitiofge whole RA. On the other hand, if the communication session
among the MM states can be found in [11] and are briefly dgatween the MS and the SGSN completes, the SGSN may not

scribed as follows.

T1)
when the MS performs GPRS attach.

send the next packet (the first packet of the next session) to the
IDLE—READY. This transition is triggered by an MSMS in a long period. In this case, tracking the MS at the cell
level is too expensive. Thus, the MM state should be switched
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Fig. 2. Cell and RA crossings in an idle period.

to STANDBY and the MS is tracked at the RA level. To concludaninimizes the net cost’. = Cr(K™) in the idle period. Then,

in the READY state, no paging is required (the packets at€* = 0 or K* = N, + 1.

sent directly to the MS) while the location update cost is high  Proof: As previously definedV,.(K) is the number of RA

(location update is performed for every cell movement). In thgpdates in RC with threshol . If N. > K, then

STANDBY state, the paging cost is high (all cells in the RA are .

paged), while the location update cost is low (location update COr(K) = UK + N (K)] + SV. )

is performed for every RA movement). The T4 transition cahhe number of RA crossings within the firkt cell crossings is

be implemented by two approaches. In the RT approach [1], &a(0) — N;-(K). Itis clear that

RT threshold! is defined. At the end of a packet transmission, N,(0) — N,(K) < K. 3)

the RT timer is set to th& value and is decremented as time

elapses. Transition T4 occurs if the MS does not receive th

next packet before the RT timer expires. However, the RT C(K) > U[N,.(0)] + SV = Cy(0), for K < N.. (4)

approach has a major fallacy that the RT timers in both the

and the SGSN may lose synchronization (i.e., when the SG R & > Ne, we haveCr(K) = Cr(Ne + 1). Therefore

moves toSTANDBY, the MS may be still irREADY). To resolve Cr= min Cp(K)= min Cp(K). (5)

this problem, we consider theeADY counter (RC) approach. OsKsoo OSKNett

In the RC approach, an RC counter counts the number fgom (4) and (5), we have

cell movements in the packet idle period between two packet C% = min [C7(0),Cr(N. + 1)]. (6)

transmissions to an MS. If the number of movements reaches N N

a thresholdK, then the MM state switches fromREADY to i other words K™ = 0 or K™ = ].Vc +1. .

STANDBY. To capture user mobility more accurately, one m Based on Theorem 1.’ we devise an algorithm o seieets
o . ' llows. Lett, (i) be the interval between the end of the 1th

dynamically adjust thél value to further reduce the net cost o P

cellRA updates and paging. Consider the interyabetween packet transmission and the beginning of ttiepacket trans-

the end of a packet transmission and the beginning of the nexe o Let (z) be the optimak value fort, (7). The K value

packet transmission. If we know the number of cell crossinggn be dynamically adjusted using the following algorithm.

in ¢, and the distribution of RA crossings among these ce, ) .
crossings, then we can find the optinfédlvalue such that the ﬁ%?jg;iioic (DRC) A?SI%%HI‘Z? arbitrary value
net cost is minimized. LeV. be the number of cell crossings, K(0). Exercise the RC approach with

duringt,. Let N,.(j) be the number of RA crossings occurrin . :
between the + 1th cell crossing and thé/.th cell crossing, %R/rssshold K{(0) before the first packet ar

wherej < N.. By conventionN,.(K) = 0 for K > N.. Fig. 2 . .. .
illustrates the cell and RA crosgsin)gs in an idle period. In thi‘éVhen the ith packet transm:ssmn s com- .
example,N. = 10. If K = 2, thenN,.(2) = 3. If K = 4, then P"‘t‘ted' h Con;putett?e ?Etlmal iod K (i) thatf rrzm-
N,.(4) = 2. LetU be the cost for a cell/RA update ahdbe IBr’rjang one 'I[]heeo(r:gri 10r Ig(i?ego either zero ’péﬁ)'
the cost for paging in a cell. L&t be the number of cells in an Ne + 1in b)) V\,/hiCh can be quickly com-
RA. Consider the RC algorithm with threshald. The net cost ucted with ver pIO\;v cost. Exercise the RC
Cr(K) in an idle period can be expressed as P y '

gom (2) and (3), we have

approach with threshold K during ¢,(i + 1),
UN,, for K > N, where
Cr(K) = { UK + N.(K)] + SV, fork<n.. @ i
: : _ KG) 1 for i>M
In the following theorem, we show how to find the optimal - j=i—M+1 @

cost is minimized. > KG) for i<M
Theorem 1: Consider an idle period where no packet is de- =1 B
livered. Let N, be the number of cell crossings in this periodin other words, the threshold K between

In the RC algorithm, lef* be the optimal threshold value thatthe ith and the i+ 1th packet transmissions

threshold valuegk* for RC in an idle period such that the net { i "
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Fig. 3. Cell/RA layout in a GPRS network.

is selected as the average of the previous line 1
M optimal K values. Simulation experi-
ments show that M > 5 is appropriate when
using (7) to compute K. In this paper, we
consider M = 25.

line 2

Since the MS has the complete information on the numbers of
cell and RA crossings ity,, the DRC algorithm is implemented
in MS. In DRC, the state transition of SGSN (i.e., fr&maDY
to STANDBY) is triggered by the MS. When the MS crosses the
Kth cell boundary during,, it sends an RA update message to
the SGSN instead of the cell update message. Once the SGSN
receives the first RA update message from the MS, it switches
the MM state fronREADY to STANDBY. NO extra message is in- _ o
troduced to switch the MM states in DRC. Thus, the netwofRd 4 TYPe classification for a four-layer RA.
signaling cost is the same as that of the static RC mechanism.
The only cost incurred by DRC is the computationfofin the Il. ANALYTIC MODEL FORREADY COUNTER MECHANISM
MS. As shown in (7), the computation can be done in microsec-This section develops an analytic model to study the GPRS
onds. This cost is not significant and can be ignored. RC mechanism. We first describe a uniform random walk model

This paper proposes analytic and simulation models to stufdy user movement. Then, we show how to use this model to in-
the RT, RC, and DRC approaches. We investigate how the Rastigate the GPRS RC performance. For a specific threshold
size and the location update—paging costs affect the performancewe derive the number of cell updates and RA updates be-
of these approaches. Specifically, we show that RC is better thamen the end of a packet transmission and the beginning of the
RT, and that DRC can automatically adjust fievalue to mini- next packet transmission. Our model considers a GPRS network
mize the net cost. The notation used in this paper is listed in twéth hexagonal cell layout. Such a layout with small cells is rea-
Nomenclature. sonable for mobile services in big cities. In this configuration,

line 3
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the cells are grouped into severalayer RAs. Every RA covers  Suppose that an MS is in any cell of an RA with equal prob-

S(n) = 3n? — 3n + 1 cells, as shown in Fig. 3 (where= 4). ability. In other words, the MS is in ce{D, 0) with probability

The figure plots seven RAs (A, B, C, D, E, F, and G) and the/S(n) and is in a cell of typdz,y) (0 < 2 < n,0 < y <

cells within the RAs. The cell at the center of an RA is referred — 1) with probability6/S(n), whereS(n) = 3n? — 3n + 1

to as theLayer Ocell. The cells surrounding layer— 1 cells are is the number of cells covered by arlayer RA. Consider the

referred to asayer x cells. There aréz cells in layerz except example where a four-layer RA covef§4) = 37 cells (see

for Layer O which contains exactly one cell. Alayer RA con- Fig. 4). Since there are one cell of typ& 0) and six cells of

sists of cells from Layer O to layer— 1. Based on this RA/cell type(2, 1) in a four-layer RA, the MSis in cell0, 0) with prob-

structure, we derive the number of cell crossings before a usdility 1/37 and in a cell of typ€2, 1) with probability 6/37. Let

crosses an RA boundary. 61 (k) be the probability that the MS will leave the RA at thid

Based on the equal routing probability assumption (i.e., tisé¢ep. Then

MS moves to each of the neighboring cells with probability 1/6),

we classify the cells in an RA into several cell types [2]. For 1 n-2

x > 0andy > 0, a cell type is of the forn{z, y), wherez rep- 01(k) = {%} Zpk,((),o),(n,j)

resents that the cell is in layet andy represents thg + 1th J=0

type in layerz. Cells of the same type are indistinguishable in 6 n—1z—1n—2

terms of movement pattern because they are at the symmetrical + {%} {Z >N pk7<m7y)7(n7j)] . (10)

positions (with respecttolines 1, 2, and 3 in Fig. 4) on the hexag-

onal RA. According to the type classification algorithm in [2],

Fig. 4 illustrates the types of cells for a four-layer RA. We dd-et 6»(k) be the probability that after an MS enters an RA, it

velop a random walk model to compute when an MS crosse®ves out of the RA at thieth step. Probability, (k) is derived

the boundary of am-layer RA. A state of this random walk is as follows. It can be shown [12] that after entering the RA, the

of the form {,y). For0 < z < nand0 < y < z — 1, the MS is in a boundary cell with probability in proportion to the

state (¢, y) is transient, which represents that the MS is in oreumber of boundary edges for that boundary cell. Under the

of the cells of typeglz, y). Forz = n and0 < y < n — 1, the condition that an MS is moving into a boundary cell, the MS is

state (., y) is absorbing, which represents that the MS crossasa boundary cell of typén — 1, 0) with probability3-6/B(n)

the boundary of the RA from a cell of tyde — 1, y). The total and is in a boundary cell of type — 1,9) (1 <y < n —2)

number of states for an-layer RA random walk is equal to with probability2 - 6/B(n), whereB(n) = 6[3 + 2(n — 2)]

A(n) =n(n+1)/2. Letpe, ) 4y be the one-step transitionis the number of boundary edges in afayer RA. In Fig. 4,

probability from state«, y) to state ¢’, 3'), i.e., the probability B(n) = 42 for a four-layer RA. In this example, there are three

that the MS moves from @, y) cellto a{z’, ') cellin one step. boundary edges for each of the ¢ 0) cells, and the MS is in

From [2], the transition probability matri® = (p(,,,),.',,)) @ boundary cell of typ€3, 0) with probability 18/42. Similarly,

of the random walk is given as there are two boundary edges for each of the(8ix) cells,
and the MS is in a boundary cell of tygg, 1) with probability

z=1 y=0 =0

0 1 0 0 O 0 0O 12/42. Based on the above discussion, we have
i1 11 000
6 6
0 L 611 ..000 —2
P 1§ o0 0 0 0 0 (k) {3'6} Sp
0 3 3 2(k) = | 57— k,(n—1,0),(n,j)
p=|. 2% ) Bl |i= ’
00000 --- 010 +[—B(n)} §Zpk7(n—17y>7<n,j) - (1)
000 000 = 00 1/ 00, am y=1=0

Suppose that an MS is in an arbitrary cell of an RA. Let
Note that the number of states for the random walk can be fqﬁ-(N k) be the probability that aftel,,, cell movements, the

ther reduced if we consider the symmetry along the dashed lifgg crosses: RA boundaries. Similarly, consider an MS that is
in Fig. 4(.k;l'he details will not be presented in this paper. initially at a boundary cell of an RA. LeP*(N*, k*) be the
Let p, ',y .y D€ the probability that the random walkpropability that afterV*, cell movements, the MS crossés

moves from statex( y) to state ¢',3) with exactk steps. Let RA boundaries. From (10) and (11), we have
Dk, (2,y),(n,j) D€ the probability that an MS initially resides at a

(z,y) cell, moves into gn — 1, j) cell at thek — 1th step and P(Ny,. k)
then moves out of the RA at thigh step. Then (1, fork=N,, =0
S 0,(5), for k = 0, Ny, > 0
) {pgisy);(mj)? o) fork =1 ijzmﬂ 1(@):
k,(z,y),(n.j) = _ plk= N,
Pley).ng) ~Plaa) iy OTk> 1'(9) =1 0.0 (12)
j=1
Equation (9) can be solved using the transition probability JXP*(Nm, -7, k=1), fork>1, N,, > k
matrix (8). L 0, for N, < k
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tm,1 tm,z tm,3 tm,4 tm,K tm,K+1 tm,Kq tm,1(+3 tm,K+4 tm,K+s tm,Nc
P E—PlEP«E B eeeee & i »la c oo o time
>
t L
the end of \\\\ / // \ /l/ the begi'nning of
the previous l | Threshold K I the next
packet transmission K Cell Updates Nu-K RA Updates packet transmission
Fig. 5. Timing diagram for cell and RA crossings.
P*(N} EY) it crosses RA boundaries. From (12), (13), and (15), the proba-
(1, fork* =N} =0 bility mass function forV,, is
2 02(3) for k*=0, N}, >0 Pr[N. = j], forj < K
=Ny 41 &
=\ ¥ e0) (13)  PriNu=j]=q 2 PriNe =4 (16)
2(J =
i=1 xP(k - K,j—K), forj > K.
x P*(NY, — j, k* — 1), fork*>1, N} >k* )
L0, for N < k*. Based on (15) and (16), we derive the expected totalCpst

for location update and paging during Assume that the cost
Equations (12) and (13) can be effectively computed using dipr performing a location update i$ and the cost for paging
namic programming technique [13]. Note that the above derivat one cell isV. Let C, be the expected location update cost
tions are based on the uniform movement assumption. To acringt,. From (16), we have
commodate nonuniform random walk, we need to modify the -
state diagram and the transition probability matrix. With (12) _ . _
and (13), we derive the number of cell/RA updates between Cu = U;JPY[N“ =l (@7)
the end of a packet transmission and the beginning of the next
packet transmission as follows. Fig. 5 shows the timing diagrafrthe number of cell crossingd. < K, then no cell needs to
of the activities for an MS. Suppose that the previous packgage the MS. Otherwise, all cells of the RA should page the MS.
transmission of the MS ends at tiygand the next packet trans-Let C,, be the expected terminal paging cost duripgFrom
mission begins attimg . Lett, = t; — to, which has a general (15), we have
distribution with density functiorf, (¢,), expected valug/\,,

and Laplace Transform C, = V5(n) Z Pr[N. = j]. (18)
[e’e] j=K
* _ —stp
fp(s) = /t —o e fy(tp)dty. From (17) and (18), the expected total co%t for location up-

date and terminal paging duririg is
For RC with a specific threshold, let V,, be the number of lo-
cation updates (cell updates plus RA updates) during the period Cr=Cu+C,. (19)
t,. Based on the random walk model mentioned above, the dis- h develoned a di imulati del lid
tribution of N,, can be derived as follows. Suppose that the ce ¢ have developed a |§crete simu atpn model to val ate
residence time,.. ; at cell C; has an Erlang distribution with against our analytic analysis. The simulation actually simulates

B ; - 9 . _ the movement of an MS on the hexagonal plane. The
meanl/\,, = m/\, varianceV,, = m/A?, and density func B, P(Nom. k), P*(N*.k*), and Cy values produced by the

tion analytic and simulation models show that both models are
)\e—M()\t)m—l consistent. For example, Fig. 6 plots te curves for analytic
fm(t) = (m—1) fort >0 (14) " and simulation results based on the three-layer RA configura-

tion. Thet, intervals are exponentially distributed, and the cell

wherem = 1,2,3,... We select Erlang distribution becauseesidence times have Erlang distribution given in (14). Other
this distribution can be easily extended into hyper-Erlang diparameters such as; and\,» will be explained in Section I11.
tribution. Hyper-Erlang distribution has been proven as a godul this figure, the dashed curves represent the analytic model,
approximation to many other distributions as well as measuradd the solid curves represent the simulation experiments. The
data [5], [9]. results indicate that the discrepancy between analytic analysis

The probability mass function of the number of cell crossingand simulation is within 1% in most cases. The comparisons
N, within ¢, is shown in (15), at the bottom of the next pageior various input parameters ang, ¢, distributions show
Within the time intervat,,, the MS performs cell updates for thesimilar results (i.e., both models are consistent) and will not be
first K cell crossings and then performs RA updates whenewaaborated in this paper.
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35 model, the number abFFperiods in a session has a geometric
distribution with meanx/1 — «, where0 < « < 1. In other
words, anoN-period is followed by aroFFperiod (in the same
session) with probabilityy and is followed by the intersession
idle period (for the next session) with probability— «. The
OFFperiodst,; are drawn from a Pareto distribution [8] with
mean1/X,; and infinite variance, which has been found to
match very well with the actual data traffic measurements [14].
A Pareto distribution has two paramete¥sand /, where 3
describes the “heaviness” of the tail of the distribution. The
probability density function is

1[3 l B+1
| | N wn=(7) (i)
Fig. 6. Comparison between the analytic and simulation results. pl

and the expected value is
I1l. NUMERICAL RESULTS

This section investigates the performance of the GPRS Eltp] = (ﬁ) 2
RC mechanism. Then, based on the simulation experiments,
we Compare RC with RT and show that DRC can Capture gnﬁ is between one and tWO, the variance for the distribution
appropriatek’ value that reduces the net signaling cost for R®@ecomes infinity. The typical parameter values obtained in [14]
In this study, we combine the ETSI packet data model [4] with® £[tp1] = 10.5 s andg = 1.2 for oFFperiods. Our study
the oN-OFFsource model (also known as a packet train moddfllows the abovef[t,1] andf values. We also assume that the
[7]. As shown in Fig. 7, we assume that the packet data traffi€ll residence time is Gamma distributed with me#»,,, and
consists of communication sessions, where the intersessi@fiancely,,. The Gamma distribution with shape parameter
idle period has an exponential distribution with meight,,,. and scale parameter (i.e., meanl/A,, = n/X and variance
For general intersession idle periods, the variances of the idlie = 71/A”) has the following density function:
period distributions have similar effects as that of the variances Ae=M(Ag)1—1
for cell residence times (to be elaborated later in Fig. 8), and the Jm(t) = T
details will not be presented in this paper. Within a communi- K
cation session, packet traffic is modeled by the-oFrsource wherel'(n) = f:io 2" le~*dz is the Gamma function. It has
model. In anoN-period, a burst of data packets are sent. In deen shown that the distribution of any positive random variable
OFFperiod, no packets are sent. Following the ETSI packet datan be approximated by a mixture of Gamma distributions [9,

fort >0
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Fig. 7. Packet data traffic.

& y discussions, we assume itV = 4. OtherU/V ratios show
68 similar results and will not be presented in this paper.
q
61 S
54 - B. Effects of RA Size
47 _ 100 Fig. 10(a) shows that the five-layer RA layout has the lowest
V=31 -
Cr 40 4.y - l Cr Cr for mobility rate A, = A1 (WhereX,o = (1/200)Ap1,
334 & ' V’" A K = 3, anda = 0.6). Both the two-layer and the three-layer
™ 1007 RA layouts have smallef’ when),, is less thar(1/10)\,;.
26 437 Fig. 10(b) shows that the four-layer RA layout has the lowest
19 - 32 Cr when),, = (1/720)A,1 (where),, = (1/10)\,;, K = 3
‘l‘. L] P P m ply
12 #W”M_:::j 21 «Mo_o,ww‘“’_:‘: anda = 0.6). Both the two-layer and the three-layer RA layouts
5 %ﬁ‘ﬁ*‘*? | 10 kﬁ—ﬁfﬂ"f‘éf have lowerC'r when ), is larger than(1/200)),;. Fig. 10(c)
0 4 8 12 16 20 0 4 8 12 16 20 and (d) shows that both the two-layer and the three-layer RA
K K layouts have smalle€'r for various K and « values, where
() g2 = 15 Ant (b) Ap2 = At Am = (1/10)A,1 @andA,2 = (1/200)),,. For the packet traffic

and mobility patterns considered in Fig. 10, the three-layer RA
Fig. 8. Effects ofl/,, onCy (solid: \,, = A,,; dashed},, = (1/10)),,; layout is likely to produce lower network operation cost (i.e.,
UV = 4,0 =0.6). C7) in most cases. The above discussion shows thatthe
curves in Figs. 9 and 10 provide guidelines for mobile service
Lemma 3.9]. The Gamma distribution was used to model M&perators to deploy optimal cell layout. In the remainder of this
movement in many studies [3], [5], [6] and is used in this papeaper, we assume three-layer RA configuration.
to investigate the impact of variance for cell residence times.
(The impact ofV,,, is shown in Fig. 8. In Figs. 9-12/,, = (C. Effects ofK
1/X2, for cell residence times.) Note that the Erlang distribution
used in Fig. 6 is a special case of the Gamma distribution, wher
Vi = 1/(mAZ). The impacts of several input parameters a
discussed as follows.

é:ig. 11 shows howk affectsCr. As K increases, the lo-

tion update cost increases while the paging cost decreases.

herefore, paging and location update are two conflict factors
which result in concavé€’'r curves, and optimak™ values exist.

A. Effects of//V Ratio This observation justifies the motivation to develop a mecha-

nism that dynamically selects appropridtevalues when the

Fig. 9 plotsCr as functions of//V, whereU is the cost of traffic—mobility patterns change.

a cell/RA update, and’ is the cost for paging at a cell. The
figure indicates that for a largé/V (e.g.,U/V > 20), theCr
cost for a small RA layout is r{igher than/ that for a large RE' Effects of\y,

layout. It is apparent that for the same number of cell crossingsAs A,, increases, more cell crossings are expected,(énd
within a period, small RA layout has more RA crossings. ihcreases (see tkeand theo curves in Fig. 11). Note that when
a location update operation is expensive (ilé/V is large), K is large and\,, is small, increasinds only has insignificant
then a small RA layout will result in larg€'r. On the other effect onC'r. This phenomenon is due to the fact that(K) =
hand, the RA paging cost increases as the RA size increases(N.+1) for K > N..When)\,, is small andX is very large,
Therefore, whei//V is small (i.e., the paging cost dominates)it is likely that K > N., and increasind( only insignificantly
Cr is an increasing function of the RA size. In the followingncreases th€'r value.



1186 |IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 2, NO. 6, NOVEMBER 2003
3 85
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* : 8-layer RA 9 4 6 8 5 4 6 8
o : 6-layer RA . .
g 5-layer RA RAl Size RA Size
e : 4-layer RA (@) Ap2 = 5201, K =3, (b) A = 521, K =3,
x : 3-layer RA =06 =06
o: 2-layer RA
100 T T T T T T 7T T T 17T 80 115
107! 10° 10! 102 o K =1 " 104 ®:@=08
x: K=2 :a=0.6
U/V 67_0;]( 3 B1o:a=03
. . 82 |
(@) Am = 1_0)‘1117 Ap2 = ﬁ)ﬁ)‘pla K=3 54 71
103 5 Cr Cr 60
. 41 49 -
- 38 —
- p
i 28 27
i 16
2 _|
107 3 15 , ] 5 | |
3 2 4 6 8 2 4 6 8
C P NN, RA Size RA Size
T 1 o o o (©) M = 152015 Ape = 35521 (d) Am = F5201, A2 = 355201,
<< a=06 K=3
[
10! = Fig. 10. Effects of RAsize of'r (U/V = 4,V,, = 1/A2).
3 * : 8-layer RA
] o : 6-layer RA , , , o ,
5 <: 5-layer RA Ap2 is large (increasing,,» has similar effect as decreasihg).
e : 4-layer RA
T % : 3-layer RA F. Effects ofn
100 c.’ . ‘?I-'lllaye|r ,P,“,A,‘,,, Fig. 11 shows the effect af on C (the solid curves are for
—1 0 1 2 a = 0.6 and the dashed curves are tor= 0.8). A smallera
10 10 10 10 o . g . ) . L
implies more intersession idle periods. Since intersession idle
U/V periods are longer than tleFrFperiods in the session§; in-
1 Ao = LA K= creases as decreases. The figure also indicates thats more
(b) Am = %)‘Ph p2 — 7207'PDy =3 sensitive to the mobility rate,,, for a smalla than a largex.
Fig. 9. Effects o/V onCr (V,n = 1/A%,, o = 0.6). G. Effects of Varianc&,,

Fig. 8 plots the”'r curves where the cell residence times have

E. Effects of\,, a Gamma distribution with meaty \,,, and variancé’,,,. The

Fig. 11(a)—(c) plots th&'r curves for\,, = (1/100)),1, figure shows that a larg€,, (e.g.,V,,, = 100/A2,) results in a
(1/200)\,1, and (1/720)A,1, respectively. The figures showsmallCr. This phenomenon is explained as follows. Whgn
that Cr increases a3, decreases. A smal,, implies large increases, more shortand long cell residence times are observed.
intersession idle periods, and more cell movements will occliong cell residence times imply small number of cell crossings
during this period. Thus, a largeér is expected. As in our pre- in t,, which result in a smal’r. On the other hand, short cell
vious discussion for the interaction betwe€rand\,,, if K is residence times imply larg&. values (more cell crossings),
sufficiently large,C'r is not sensitive to the change &f when which increase€’r. However, whenV,. > K, the number of
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o0 4 100 ‘M
75
Ol A = /\,,1 80 O Am = )‘pl _|
454 0 dm = f5Ap 01 Am = 1501 Cr 70
‘ X 65 <> d
Cr \ o /00,0,94 Cr 60 VA 00_90&94 3 o : Ready Timer(RT)
30 00 »o 604\ o~ < : Ready Counter(RC)
40 — o
\ 35 | S S S B B e e p—
15 ) - 20_W 0 2 4 6 8 10 12 14 16 18 20
“$-00-000-0-0-0- “4#9-@00—9-09‘9“ RC: K; RT: T(unit: 1/A\")
0 T T T T 0 I T
0 4 8 12 16 20 0 4 8 12 16 20 Fig.12. Comparison between RC and RT/{ = 4).
K K
() A2 = 1e5 A1 (b) Ap2 = 50521 Consider 1 000 000FFperiods. Type | pattern is exercised for
35 ; the first 500 0000FFperiods, and Type |l pattern is exercised
01 Am = 31—0’\1)1 for the remaining 500 000FFperiods. Let”?. be the expected
304 ' Am = g5hpt cost of anorrperiod for Type | pattern an@’. be the expected
cost for Type Il pattern. In RC, the lowesSt;. is expected when
25 K =1 and the lowest/. is expected whet& = 0. Thus, by
choosingK = 1, good performance can be expected for both
Cr 20 Type | and Il patterns. In RT, the best threshold value@gr
occurs wherf” > 100 s. On the other hand, the best threshold
15 p value forC”. occurs whelf’ < 10 s. Fig. 12 plots th€' curve
¥ 0909’9 againstK for RC and theC'r curve againstl’ (measured by
1013 rad 1/ ) for RT. The figure indicates that selection of dhyalue
;47 000090 will not satisfy both Type | and Il patterns, and the resulting
- cost for RT is higher than that of RC.
)
T T I I
0 4 8 1216 20 I. Performance of DRC
K - .
(€) App = LA TheC7 curvesin Figs. 8,11, and 12 are concave with respect
R to K, which indicate that optimak values exist to minimize
Fig. 11. Effects off{, A,,., A2, anda onCr (solid: o« = 0.6; dashedix = Cr. However, the optimaK values are not the same for dif-
0.8, U)V = 4,V,, = 1/A2). ferent traffic—mobility patterns. Therefore, a mechanism that au-

tomatically selects the optim&f values in real time is required.
RA crossings among/. — K cell crossings does not increasel he DRC algorithm proposed in Section | serves this purpose. In
as fast asV, does. Therefore, the (negative) effect of short celfiigs. 8, 11, and 12, the™ points represent ther, E[K]) pairs
residence times are not as significant as the (positive) effect@§fDRC. These points indicate that DRC nicely captures the
long cell residence times, and the net effect is thatlecreases traffic-mobility patterns and always adjusts the RC threshold
asV,, increases. Fig. 8 also indicates tli4t is not affected by close to the optimal values.
the change of/,,, whenV,, < 1/)\2..

IV. CONCLUSION

H. Comparison of RC and RT In GPRS, an MS is tracked at the cell level during packet
Both RC and RT have similar performance in examplegansmission and is tracked at the RA level when no packet is
shown in Figs. 8, 10, and 11. However, when the MS mobiliyelivered. An RT mechanism was proposed in 3GPP 23.060 [1]
rate changes from time to time, RC may significantly outpefo determine when to switch from cell tracking to RA tracking.
form RT. The reason is given below. The thresh@ldf RT  |n this mechanism, a threshold inter{ais defined. If no packet
is a fixed time interval. When,,, changes]’ cannot adapt to s delivered withirl’, the MS is tracked at the RA level. When a
the change. On the other hand, the thresl6ldf RC always packet arrives, the MS is tracked at the cell level again. However,
captures the<th cell movement of an MS no matter how, the RT mechanism has a major fallacy that the RTs in both the
changes. Consider the example in Fig. 12. In this experimefts and the SGSN may lose synchronization. This paper consid-

we mix two types of packet traffic and mobility patterns. ered another mechanism called RC to resolve this problem. In
Type | pattern:Meanorrperiod timeE[t,;] = 1/A;,; = this approach, a threshold is used. Like the RT approach, the
100 s, mobility rate\!, = 1/1000 s andV,!, = 1/\2. MS is tracked at the cell level during packet transmission. If no

Type Il pattern; MeanOFFperlod t|meE[t” 1=1/25 packets are delivered after the MS has méadeell crossings,
1000 s, mobility rateX), = 1/10 s andV” =1/\2, the MS is tracked at the RA level. We also devised an adaptive
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