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A Contention-Free Mobility Management Scheme
Based on Probabilistic Paging

Wing Ho A. Yuen and Wing Shing Wongsenior Member, IEEE

Abstract—In forthcoming personal communication systems  The geographic-based strategy performs well in second-gen-
(PCSs), smalll cells are deployed to achieve high spectral efficiency.eration cellular networks. However, the efficiency of geographic
This has significant impacts on location tracking of mobile ) \; geteriorates dramatically when small cells are deployed.

users. The increase in location update (LU) load leads to more __ . . )
contention on the reverse control channel. Thus, many algorithms This is because the LU load is shared by the boundary cells of a

are designed to distribute the LU load to a larger number of location area only. The high offered load in each cell adversely
cells. This avoids the inefficiency of random accessing due to high affects the probability of a successful transmission. Thus the

offered load. In an alternative approach [3], a contention-free LU geographic-based strategy is not an ideal candidate for forth-
algorithm is proposed. Two or more mobile units are permitted coming systems.

to register with a base station simultaneously without contention. . -

A probabilistic paging mechanism called Bloom filtering is used Many strategies .have been propqsgd in literature to.tac.kle the
to select cells to be paged. Since there is no contention in LU, Problem. A convenient way of classifying these strategies is out-
inefficiencies due to random accessing are bypassed. In thislined below.

paper, we present another contention-free LU algorithm. It is ingsati .
hybrid in the sense that LUs are temporally or geographically 1) Forsystems employin ticstrategy, the location areas

triggered. The use of hybrid LU alleviates inefficiencies inherent are globally defined fqr all MU_S- Each MU h‘?‘? the same
to temporal triggered LU in [3]. Three selective paging schemes set of location areas irrespective of its mobility and call
are considered in this paper. Tradeoff between paging delay and arrival behavior. The geographic-based strategy is an ex-
paging bandwidth is addressed. The performance of this algorithm ample of a static strategy.

is compared to [3] and other conventional strategies. Numerical 2)

results shows that the new algorithm compares favorably with In semistaticstrategies [10], [12], location areas are also

previous proposed strategies. predefined. The system consists of overlapping layers of
location areas. When an MU exits a location area of the
I. INTRODUCTION present layer, it switches to another layer that matches to

its mobility profile. Note that the strategy proposed in [8]
is classified as a static strategy under this definition, for
the reason that overlapping layers of location areas are
used to provide hysteresis against frequent switching be-

N personal communication systems (PCSs), microcells and
picocells are extensively deployed. This allows power sav-
ings in base-station transceivers and mobile handsets. More im-

portant, spectral efficiency is enhanced through denser spatial 1 een location areas. rather than match to specific mo-
reuse of frequency. However, the use of small cells poses a se- bility profiles of MUs.

vere burden on the common air interface and the signalling net-3) |n dynamicstrategies, each MU has a location area tai-
work. On the reverse control channel, higher contention of loca- * |5red for its mobility profile. No permanent location area
tion update (LU) messages is expected. Retransmission of LU pqundaries are defined for any MU. The well-known dis-
messages is negdeq. This leads to a large increase in signalling {gnce-based strategy [5] andits variants [11], [14] belong to
traffic on the radio link. _ this category. Since location area sizes for dynamic strate-
_The geographic-based strategy is currently adopted by the  gies are tailored for individual users, these algorithms in
wireless standards [GSM mobile application part (MAP) and  general outperform static strategies. However, as noted in

IS-54 [4]]. The whole network is partitioned into nonoverlap- — 15] these strategies are amenable to implementation only
ping location areas. Each mobile unit (MU) monitors the for- when the size of the location area is small.

ward control channel of the local cell for its cell identifier, which In literature, location tracking algorithms are engineered

is broadcasted periodically. When it detects that the local cgllcp, that the combined LU and paging bandwidth is minimal.

has fallen out of the original location area, an LU is triggeregqs is often accomplished through personalized assignment of
Thus, when a callis terminated to an MU, the network determipyeation areas. Nevertheless, these algorithms still experience
istically retrieves the location of the called MU at a resolutiofe same problem as the geographic-based strategy. The inef-

of a single location area. ficiency associated with random access is only partially solved
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probabilistic paging mechanism called Bloom filtering is used MUL 00011
to select cells to be paged. Since there is no contention in LU, MU2 01000
inefficiencies due to random accessing are bypassed. MU3 10010

In this paper, we propose another contention-free LU algo- MU4 01100
rithm. It is hybrid in the sense that LUs are temporally or ge- MU5 11001
ographically triggered. The use of hybrid LU alleviates ineffi- MU6 00101

ciencies inherent to temporal triggered LU in [3]. With our LU
scheme, paging (Bloom filtering) is more accurate. Performance
of our algorithm compares favorably with [3] and conventional
strategies.

The restof this paper is organized as follows. In Section I, tl"1:|e 1. lllustration of contention-free LU and Bloom filterin
system model is described. A contention-free LU scheme and g
the probabilistic paging mechanism are outlined in Section II.

We refer to the algorithm as the time-based Bloom filter (TBBRjetects one or more pulses in tth bit interval, it infers that
algorithm. Section IV describes our hybrid Bloom filter algoat least one MU in the cell contains a “1” in thi bit. On the
rithm (HBF), which is analyzed in Section V. A numerical studypther hand, if the base station detects no pulse intthéit, it

is given in Section VI to compare the HBF with [3] and otheconcludes that all MUs inside the cell have BFIDs that are zeros
conventional strategies. This is followed by a discussion in Seat-theith bit. The zero in théth bit in the cell vector conveys
tion VII. For completeness, a simulation study is reported in tigggnificant information. One could infer that a MU with an ID
Appendix to verify the numerical results we obtained. of “1” in the 4th bit is not in the cell.

Consider a system consisting of three cells and six MUs as
depicted in Fig. 1. During the most recent LU cycle, the cell
vectors of cell 1 to cell 3 are 10011, 11101, and 01 100, respec-

We consider a cellular system consistingMdfcells andN  tively. Suppose a call is terminated to MU 6. We compare the
MUs. The number of users in a cell is denotediyn steady BFID of MU 6 with the cell vectors. Since the third and the last
state, the average valuelofs assumed to b& /M. We assume bit of MU 6 are one, we should send a paging message to the cell
that each cell is identically shaped. The actual shape couldd8y if the corresponding bits of the cell vectors are also “1.” It
arbitrary as long as the cells are packed regularly. The dweins out that only cell 2 should receive the paging message.
time in a cell of each MU is assumed to be exponentially dis- Mathematically, we denotg, ¢ € [1, M], as the cell vector
tributed with mean 2. Individual call interarrival time is also obtained in the most recent LU cycle in cefrom a system of
exponentially distributed with meary1. Since the interarrival M cells. When a call arrives for the MU with ID BFID, cell
time of calls is generally much larger than the perigthetween is paged if
two LUs, we assume that there can be at most one incoming call

Celll 10011
Cell2 11101
Cell3 01100

Il. SYSTEM MODEL

during one update cycle. By the memoryless property of expo- BFID @ I; = BFID
nentially distributed random variable, the call arrival time is uni-
formly distributed in the update cycle. where @ denotes bit by bit multiplication. This operation is

Every MU has a uniqgue mobile unit identity vector (MUID)called Bloom filtering [6]. Only the cells whose cell vectors
for unique identification during paging. It is also assigned amatch to the targeted MU will be paged. After the network
n-bit Bloom filter identity vector (BFID), which is used for LU “filter” out cells to be paged, the MUID of the called MU is
and will be described in detail in Section Ill. Each bit of arthen broadcasted on the paging channel of the matched cells.
arbitrary BFID is independent and is a “1” with probabiljty Suppose there are MUs in a cell. The probability that an
Note that we do not require the BFIDs to be unique. We alswbitrary bit in the cell vector is “0” igy = (1 — p)*. The cell
assume that the maximum propagation delay of pulses from feenot paged if the corresponding bit in the BFID is a “1.” This
MUs to a base station is much smaller than the bit time of an Latécurs with probabilitypg. Thus, on average, a cell is paged
message. That is, there is no bit synchronization problem wheith probability
LU is performed.

(1—pg)™. 1)
lll. CONTENTION-FREE L OCATION UPDATE ALGORITHM Itis possible that the targeted MU is not located in the paged

In [3], the time-based Bloom filter algorithm is presented. kells. This happens when the targeted MU leaves a cell between
belongs to a category of LU algorithms characterized by cothe call arrival time and the most recent LU cycle. Denote the
tention-free access of the reverse control channel during Lpfobability of successful and unsuccessful pagingas, and
Collision of LU messages is prevented. P, ¢, respectively. Denote the period of an LU cyclelgyAs-

Periodically, each MU performs an LU by sendingsitdbit sume that the dwell time of an MU and the call interarrival time
BFID to the local cell. When the corresponding bit in the BFIRre exponentially distributed with meari;iand 1/ A, respec-
is a “1,” a pulse is sent. Otherwise, the MU sends nothing. #vely. Sincer, <« 1/ in general, we further assume that at
base station receives the superimposition of pulses from all M®st one call arrives between two update cycles. By the memo-
in the local cell and store it asaell vector If the base station ryless property of an exponentially distributed random variable,
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Fig. 2. lllustration of LU on uplink control channel for an arbitrary MU.

the call arrival time is uniformly distributed in the time intervakrol channel. If more than one MU enters the given cell since the

of 7,. It is straightforward to show that last registration slot, the received cell vector is a superimposi-
e tion of several BFIDs.
Pe = 1 2) The registration information is held at the base station for a
HTg period ofrr,. If an MU remains in the same cell at the end of
Prc=1-FPc L. (3) this period, it is preprogrammed to perform a temporally trig-

. . .. gered LU reregister with the cell. If the cell does not receive any
BFIInDthe JBIBF ;algcl)lnt_lr_]rr]n,leach Mprerl?dmally reportj If‘sreregistration from an MU that registered at a timg before,
ot € local cefl. The 1arge numper of superimposed L{ﬁe system infers that the MU has left the cell and deregisters
a cell receives Increases the p_ro_bablllty_that this cell wil b|?. Viewed from the base station, a bit in the cell vector will be
paged when a call arrives. This in tumn increases the syst et if no pulse is received in the corresponding bit time for the

paging cost. It is desirable to reduce the LU rate of each MT most recent registration slots.

promot_e more accuratg pag!ng. With this insight, we PrOPOSE€yya heed to fix some notation to help our subsequent discus-
a hybrid LU strategy in which LU could be temporally sion. At any timet, label the beginning of the most recent reg-

geographically Friggergd. We limit th? rate of updates when ¥ration slot byI’., label the end of the immediately preceding
MU is less mobile. This promotes efficient paging and leads F%gistration slot byZ’. 1, and so on. The cell vector at tinfe

lower control overhead ultimately in an optimized system. is denoted bys;. We label the time intervdll’, 7] as thereg-

istration memory windowat timet.
IV. HYBRID BLOOM FILTER ALGORITHM

In this section, we present a new, hybrid location update pr8- Paging Protocol
tocol for MUs and a choice of algorithms that can be used by when an MU is called, the system retrieves the most recent

the fixed network in tracking the MUs. cell vectors from each cell. These cell vectors are used to locate
) an MU via Bloom filtering. There is a finite probability’;, <
A. Location Update Protocol that the targeted MU has just left the cell when the call arrives.

Under the new protocol, the reverse control channel periodii this casen the MU is lost and flooding is needed to locate it.
cally allocategegistration slotswith periodr,. Only LU mes- With probability Pc, ;, = 1 — Pr,_cn the targeted MU is still in
sages are allowed in these slots. All other control messages stiehregistered cell when the call arrives. This MU is registered in
as call setup negotiations can contend for the channel in otloge of ther most recent cell vectors stored at the corresponding
unreserved time slots. When an MU crosses a cell boundarpbate station.
timet,, it attempts to register to the new cell. However, it can do By the nature of the LU algorithm, any one of theell vec-
so only at the next registration slot. In the meantime, the systeéans provides usable information for the Bloom filtering oper-
loses track of the MU temporarily, as shown by the shaded a#on. However, based on our mobility assumption, the prob-
in Fig. 2. At timet,, the MU sends its BFID to the reverse conability of successfully locating the targeted MU is higher for
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more recent cell vectors (see Lemma 1). To exploit this prop- [ [oidoist) Tg 43 -
erty, we institute up te- matching cyclesn paging. In each | Faideis Ta +2

matching cycle, a group of consecutive cell vectors are used to Tairitly Tyt
decide whether the targeted MU is in the cell under consider- ; T=isih T+
ation. The first matching cycle uses the most recently received | ! T AN Ay R
group of cell vectors. The second matching cycle uses the next | ¢ b i 3 i o)
most recently received group, and so on. If the targeted MU is ’_T t o 1 h‘. _i _','"-i I
found, the matching cycle stops immediately. If the targeted MU |. Ty M. T 7 T.
cannot be identified with this process, the system will flood all L L

yet unpaged cells in the system to locate it. Cull Agrival

Three types of matching cycle groupings are considered h%f& 3. Whenan MU is registered in slotthe dwell time up to the call arrival
for comparison. In paging scheme 1, there is only one matchimgy take the value in the intenviilr — i)7, + Z, (Ir — i 4+ 1)1, + Z] for
cycle. Thatis, ali- cell vectors in each cell are used to match thle= 1, 2. - - ..

BFID of the incoming MU. In paging scheme 2, there are two

matching cycles. In the first pass, themost recent cell vectors the registration is geographically triggered. It is temporally trig-
from each cell are used. In the second pass, the remain.i.ng gered ifl = 2, 3, .... SinceT is exponential distributed with
w vectors are used. In paging scheme 3, thereraratching Meanl/u, we have

cycles consisting of a single cell vector from each cell. The cycle

oo

starts with the most recent cell vector. In all three cases, if th&; = Pllr—i4+Dry,+Z>T>(Ir—d7m,+ 2] (6)
targeted MU cannot be located after all the matching cycles, the =1
remaining cells will be flooded. _ Z PIT > (ir — i)r, + 2]
=1
V. PERFORMANCE EVALUATION — P[> (lr—i+ )7y + Z] (7
In order to compare different location update schemes, a = / P[> (Ir —i)7g Jrz]i dz
common cost function needs to be identified. Since the radio =170 7y
bandwidth is a more critical resource than the bandwidth of B /’Tg PIT'> (Ir— i+ 1)r +7]i A ®)
a fixed network, we define the cost function to be a weighted N g~ Ty
sum of location update and paging data rate per MU per hour 1— o—hrg & ‘ ‘
on the radio link. The expected value of the cost function for = > {e‘“(l”_z)fg - e‘“(“’_“’l)”} 9)
the proposed algorithm is derived in Theorem 1. O
Assume a call arrives at tinteand the targeted MU is located =M=y _ gmpu(r—itl)7y
atcell 0. Consider the registration memory window at timfs- —fGL 1 — ¢—nrr (10)
sumethetargeted MU hasnotchanged cellduringthetimeinterval O

[T, t]. DefineZ = t—T,..1tfollowsfromthe basic assumption of
the system model thatis uniformly distributed betwedp, ).
The targeted MU must register at least once with cell 0 during t
registration memory window at time Let I be the most recent
registration slot in the window when the targeted MU updatesjaf
cell 0. Denote the probability = i by P;.

Let X, be the time instants at which the targeted MU chang
cells. Let¢ fall in the interval defined byX; and X; ;. By

For any cell, defineF;(¢) as the probability that théth cell
Ngctor matches to the BFID of the targeted MU. Deflf{pagé;
to be the probability that a cell is paged when the paging scheme
S used.
Theorem 1: The combined paging and update radio band-
%\gdth usage per MU per hour is given by the following equa-
ion:

renewal theory, thageof the arrival defined byl = t — X;is  Cpypp = cnM + c2) log, N[Pe, (P[pagéM) + Pr, ¢ M]
known to be exponential distributed with meaifl]. With this TN
assumptionp’; is derived in the following lemma. (11)
Lemma 1: where P[pagé; for the paging schemes are given by
e—n(r—i)Ty _ g—p(r—i+1), Plpagd =1 - [[(1 - P(9) (12)
P=FPc — 4) i=1
L—emhre r —w
where :
1 — M P[pag¢2 = [1 - H (1 - ‘PI(L)) + Z F;
PC7 L= (5) i=r—w+1 i=1
HTg r—w
Proof: The evenf = iis equivalentto having a geograph- ' [1 B 11:[1 (1= F@) (13)
ically or temporally triggered registration @t. This in turn is .o
equivalent to the ag€ falling in the intervalglr—i, lr—i+1]r, Plpagés = Z Z PP(5) (14)

for somel = 1, 2, ... (refer to Fig. 3). Note that if = 1,

i=1 j=i
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and TABLE |
SYSTEM PARAMETERS ADOPTED IN THE NUMERICAL STUDY
b)) =1 -p(1-p)*)" System Parameter Numerical value
_ e BT
Py = 1-e? Prc=1-Poy. (15) Area of each cell 0.25km?
7 HTg 7 7 Number of cells in the system M =900
s _ ol5
Proof: Definev; to be the number of MUs sending updates iumberHOf users m tile sysi\‘j{% — 50N - 2h
in registration slof in cell 0. Since the BFID bits are generated AVg' Cen Cm.SSHIg e perMU “/\__ : ceus/ hr
independently, the probability that there is a match in a given bit v.g'hcz arr“;a T[t]e per - Sﬁ 5r
between the BFID and thi¢h cell vector igo(1—p)¥:. Therefore, weight factor for LU cost “a =
weight factor for paging cost co=1

the probability that a match is identified using tile cell vector
is given by(1 — p(1 — p)¥1)™.

In paging scheme 1, for any cell, allcell vectors,S;, ¢ € registrations and the mean number of geographically triggered
[1, ], are used. The cell will be paged if there is a match witlegistrations. By symmetry, the mean number of incoming MUs

any one of the- cell vectors. Therefore in a cell during an update cycle is equal to the mean number of
departures of MUs in the same cycle. Thus, the mean number
Plpagé, = P[at least one cell vector match of geographically triggered registrations is equal to
=1-[[( - RE). (16) kPHT < 7,] = k(1 — ¢=#7). 1)
=1

In paging scheme 2, cell vectors from skt & € [r — w + The mean number of temporally triggered updates is given by

1, r] are used for matching in the first pass. With probability TPT > r7,] = Te ™M™ (22)
> i_" P, the MU is not located in first matching cycle. There- .
fore, P[page] is given by Hence
r e HT Ty + If 1 T HTgY — 75
Plpagely = [1 - H (1 — P(4))| + P[no match v (L=em) =0
i=r—w+1 or
[ (1 — ¢ HTe
=1
r ‘ T—w Substitute alky; for w. It follows that P;(:) = F; for all .
= [1- H (1—-R@)| + Z B The average probability of paging a cell for the proposed paging
i=f‘—"W+1 i=1 schemes are, respectively
: ll - [ - 2@ (18) Plpagéd; =1—(1—P)" (29)
=1 =

In paging scheme 3, a cell vector is used only if no match has 7’[Pag8¢: =[1 — (1 - 1)*] + Z Bl = (1= FR)"]
been found with succeeding cell vectors. Therefore =1 (25)

Plpagés = P, Pi(r) + Py (Pi(r) + Po(r — 1)) Plpagés = Z Pi(r+1-14)P,. (26)
+Pa(P(r)+ P(r = 1)+ P(r—2)) +-- i=1

. (19) Suppose the length of a BFID1is the period of a registration
_ Z ZPiPl(j)- (20) slot is 7,4, andp is the same for both hybrid (HBF) and time-
based Bloom filter (TBBF) schemes. Note that when-= 1,
g the hybrid algorithm degenerates to the time-based Bloom filter
algorithm. This is obvious since every MU must register in every
It is obvious thatP[pagd; > P[pagd, > P[pagds by our registratign sI(_)t. The number of update messages expected in
paging construction. Thus, paging bandwidth is conserved §§ch registration slat equals the number of MUs in each cell
trading off paging delay. k. The probability of paging a celP[pag¢: whenr = 1is thus
Sincew;, i € [1, 7] are intricately interdependent randonfiven by
variables, itis intractable to compute c6§ipr exactly. For the 1
purpose of comparison with other algorithms in our numerical 1-(1-P) =h
study section, we have chosen to use average valugsafthe =[1-p(1-p*]"
computation ofCygF. =[1—-p(1- p)’“]" (27)
In steady state, ail;s are identical. We denote the average as
7. v is equal to sum of the mean number of temporally triggeradhich agrees to (1).

i=1 j=i

Authorized licensed use limited to: Chinese University of Hong Kong. Downloaded on June 23, 2009 at 05:28 from IEEE Xplore. Restrictions apply.



YUEN AND WONG: A CONTENTION-FREE MOBILITY MANAGEMENT SCHEME 53

TABLE 1
OPTIMIZED PARAMETERS VALUES FOR VARIOUS STRATEGIES
Strategy T | n | r I w | m | p
TB 00 - - - - -
GB - N (%g)% i
TBBF 0.01190701 | 208 - - - 141-_k
HBF paging scheme 1 0.004227 | 112 [ 13 | - - T}_v
HBF paging scheme 2 | 0.00413976 98 | 15| 5 - Fl_u
HBF paging scheme 3 | 0.00367644 | 80 ; 31 | - - | o

Assume the mobile population consists of low-mobility MUsBased on the GSM specifications [2], it is justified to assume
that is,u7, < 1. In the case of a hybrid update scheme, eathat packet overhead is the same size as the LU payload.
MU performs mostly temporally triggered LUs. That means thathis adds another factor of two in the location update cost.
on average, an inactive MU will need to register only once eveRnally, we also assume that there are undesirable switching
7 registration slots. Battery power in the mobile handset can belocation areas due to fading phenomenon. We assume this
saved. occurs with probability 0.05. Combining all effects, a factor of

Since the rate of LU decreases, the average number of Ltis= 2(2¢)/0.95 is weighted to the LU cost for the geographic
in a registration slot also decreases. The number of expectdshsed strategy.

updates per registration slotis given by In the case of TB strategy, there are also collisions due to
random access. However, there are no synchronization over-
k(1 — e heads in this case since each MU updates periodically. Also,
R there are no extraneous LUs due to switching instability. Thus,

k(1 =1+ pry) a factore, = 2e is weighted to the LU cost for the time-based

~ 1 1+rpr, strategy.
a . .
I In the case of Bloom filter algorithms (TBBF and HBF),
= (28) no inefficiency arises from contention or switching instability.

There are also no packet overheads once synchronization is ac-
ired. Thus, there is no penalty factor in the LU component.

he cost functions for GB, TB, and TBBF algorithms are,
gpectively, given in (29)—(31). Note thatn? is the number
cells in a location area. The value efdepends on the cell

Thus the expected number of LUs received per registration s
is r times smaller than the time-based Bloom filter algorithm.
As the number of MUs required to register decreases, there E\T

more zero bits in cell vectors. This decreases the probability%ﬁ For illustrati th twork ist
a match during the Bloom filtering operation, which in turn jm>nape. Foriiustration purpose, we assume the network consists
é_square cellsin this study. That isjs set to one. Itis straight-

proves the accuracy in paging. For this reason, the hybrid al d to derive th Cfuncti The left t ¢
rithm outperforms the time-based counterpart when the aver ard to derive these cost Iunctions. The 1€t terms represen
data rate and the right terms represent paging rate

mobility 1 is low.

cicspe logo (N
VI. NUMERICAL STUDIES Cgp = ———=2— - oY) + cpdam® logy(N) (29)
i i i log,(N
In this section, we presc_ant a numerlcal stuc!y to compare the Crp = c1cqlogy (V) + co) logy (N) [P M + Pe 1]

performance of four location tracking strategies. We consider T
the time-based (TB) and geographic-based (GB) strategies, the (30)
hybrid Bloom filter algorithm with its three paging schemes, _ an N logs (N Pr ~M + P
and the time-based Bloom filter strategy. The system parametersTBBF T+ N e2A logy (NP, e M + Fe,o
adopted in our study are shown in Table I. M1 = p(1 —p)*)"7 1. (31)

In practice, in order to conserve power usage in the MUs,
preference is given to minimizing LU traffic. The weighted cost The performance of the optimized protocols are compared.
should bias heavily against LU. As a rough estimate, the weightte parameters values for various strategies are shown on
factorse; ande, in the cost function are chosen to be five andable |I.
one, respectively, in this study. Referring to Fig. 4, the costs of the optimized algorithms are
For the GB strategy, we add an extra penalty faetpin  plotted against cell dwell time/L;, wherey is the average cell
the update component of the cost function. This account forossing rate of the MUs. All cost functions are optimized with
conflicts due to random uplink access, packet overheads, ahd assumption, = 50 and A = 1. Referring to Fig. 4, if
switching instability due to fading phenomenon. Since ththe MUs match this profile, i.el/n = 0.02 andX = 1, all
throughput of random access is limited to at mostelthe three paging schemes of the hybrid algorithm have lower costs
LU bandwidth is weighted by a factor otz2The exact value than the geographic-based strategy. For all valugs phging
of packet overhead varies from applications to applicatiorscheme 3 gives the lowest cost, as expected. Paging scheme 1
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Fig. 4. Combined costs versus average cell dwell time.

gives the highest cost. The cost of paging scheme 2 appradxkiSection V, slowly moving MUs perform temporally triggered
mately lies between paging scheme 1 and 3. Thus paging baretegistrations most of the time. The number of LUs in each
width can be conserved without a large sacrifice of polling delanegistration slot is reduced by at moestimes. This improves
The performances of these three paging schemes are clibeeaccuracy of the Bloom filtering paging mechanism. Unless
at low mobility scenario. At low mobilityP; — 1/ for all <. the MUs have very high mobility, the hybrid algorithm outper-
Thus the relative advantage of using selective paging scherf@sns all other time-based schemes. When paging scheme 3 is
diminishes. On the other hand, we observe that< P; for used, the HBF algorithm outperforms other time-based algo-
all ¢ < j in the high-mobility scenario. This property couldrithms even in the high-mobility scenario. This is due to the fact
be exploited using selective paging schemes to achieve bettet for a highly mobile MU, the probability of locating it in
performance. Therefore, the differences in cost of the pagitite first few matching cycles is high. Compared with the ge-
schemes increase adncreases. ographic-based strategy, the HBF algorithm always has lower
The optimized period for LU in the time-based strategy isost, except when mobility is low. In a low-mobility scenario,
oo. That is, no LU is ever performed. When a call arrives, thmost registration slots will be wasted, whereas there is no LU
targeted MU is located by flooding. It shows that the locatiooverhead for the geographic-based strategy.
information provided by LU is inaccurate for paging a single We observe that the geographic-based strategy is robust in
cell. The network has to be flooded frequently. the low-mobility scenario but not in the high-mobility scenario.
The cost of the hybrid algorithms is lower than the time-bas&ah the other hand, the time-based strategies are robust in the
Bloom filter algorithm when average mobility is low. As showrhigh-mobility scenario only. The HBF algorithm is superior in
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Fig. 5. Combined costs versus average call arrival rate.

the sense that it is robust in both the high- and low-mobility sce- In GSM, a two-level data hierarchy is maintained on the fixed
narios. Good performance could be achieved when the mobilitgtwork [9]. The operator keepsiame location registgiHLR)

i is different from the assumed value used in optimization. in which information of all mobile subscribers is stored. There
Referring to Fig. 5, costs are plotted against average call &-onevisitor location registe{VLR) collocated with the mo-
rival rate \. When\ increases, paging cost also increases. Théde switching center (MSC) in each location area. The update
slope for the hybrid algorithms is less steep than that of tipeocedure is initiated when an MU enters a new location area.
time-based Bloom filter algorithm. This is because the Bloowfter receiving a request from the MU, the corresponding base
filter has higher accuracy in locating a targeted MU for the hytation informs the MSC to update the location database in the
brid algorithms. Fewer cells are paged on average. Note thahéw VLR. For security reasons, the MU does not send its in-
the average call arrival rate of the MUs is near the nominal valternational mobile subscriber identity (IMSI) through the air in-
A = 1, the cost of the hybrid algorithms is close to that of thierface. A temporary mobile subscriber identity (TMSI) is sent
geographic-based strategy. instead. Thus, the new VLR must retrieve the IMSI of the MU
from the old VLR through an authentication procedure. After
the IMSI is obtained, the new VLR registers to the HLR and
deregister the MU from the old VLR. The sequence of signaling

In this section, we investigate the performance of the HB®perations is illustrated in Fig. 6.
algorithm in the fixed backbone network. GSM is used as anlt is of interest to compute the total signaling overhead
example for comparison. generated by the MUs in the whole network. We observe that

VII. | MPLEMENTATION OF THEHBD IN THE FIXED NETWORK
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Fig. 6. Network signaling flow for terminal registration.

the total VLR registration rat&.., vi.r, the HLR registration is avoided through a contention-free LU mechanism. Never-
rate R, nir, and the VLR deregistration ratB..es, vir  theless, there are two factors that limit the performance of our
are equal. Whereas the VLR query rdtg,,v, vi.r IS twice family of algorithms. This includes the need for system flooding
the VLR registration ratel?,.,, vir. Each signaling messageand unnecessary LUs. The first factor is dominant in high-mo-
should bdog, N long for unique identification of MUs. Thus bility scenarios, whereas the second factor is dominant in low-

we have mobility scenarios.
) At high mobility, there is an increased chance that a targeted
Casm = logy N(Freg, ViR + Rereg, VLR + Freg, HLR MU is not located by probabilistic paging. We assume that net-
+ Rquery, VLR)- work flooding is used subsequently. This flooding operation is

o ) _ costly and significantly increases the paging bandwidth usage.
The termR;.;, vLr iS given by the location area crossing rate, practice, the lost MU is most likely be found in the sur-

of all MUs. Plugging in the parameters in our numerical studygynding of those paged cells. A better algorithm would be
we estimate the overall signaling cost for GSM as paging the surrounding cells first before resorting to flooding.

Thus we could reduce the paging cost further without adding
= 11.17 Mbits/h. much paging delay.

, . . L , At low mobility, on the other hand, a temporal-based LU
For our HBF aIgontlhm, the signaling f!oyv is simpler. FirStgcheme s less efficient. Each MU has to periodically register
an MU does not send its MUID over the air interface. The SeCljz, the [ocal base station even if it is stationary. There are many
rity problem is automatically solved. There is no need for hanfi,hecessary LUs, which give no additional location information
shaking between the new and old serving MSC in authentiGge network. Our HBF algorithm is a compromise between the
tion. Second, the use of a timeout in Iocanpn registration %eographic-based strategy and the TBBF algorithm by cutting
ploits the advantage of soft state. No deregistration messaggd§n the rate of updates. At low mobility, the LU rate for each
necessary when an MU moves from one cell to another. Thir,gU is 1/r times the maximum value. Thus, the HBF scheme

no VLR is needed in the MSC. The location vector in each celjiain rohustness in the high-mobility scenario compared with

is periodically sent to the HLR the geographic-based strategy while minimizing the amount of
unnecessary LUs.
In the literature, most work is aimed at bandwidth minimiza-
. . L tion on the radio link, which is decoupled from the problem of
In this particular example, the cost of the HBF is twice th_at andwidth optimization in the fixed network. Often, radio band-
fidth is conserved by the used of more complex protocols. This
curs an extraneous cost on the fixed network due to more com-

=

SN
Cgsm = logy N a

M .
CHBF = 7 = 23.84 Mbits/h.

tion for HBF. However, the signaling overhead of the GSMis n

with ten-fold more subscribers. The@gsv will be 136.45
Mbits/s, whereas th€'ygr remains insensitive to changes i
N.

gies in the sense that it reduces control overhead on the radio
Nink without a corresponding increase of the fixed network over-
head. There is no need to perform authentication and deregistra-
tion explicitly with the previous location area. Network traffic

is reduced considerably. Moreover, the signaling overhead does

Our proposed algorithm gives comparable performance to thet depend on the number of mobile subscribers. Thus the HBF

geographic-based strategy for a wide range of mobility. The ialgorithm is scalable to large mobile population. There is also
efficiency of random accessing in the geographic-based strategyneed to maintain a VLR in each MSC. Each base station only

VIII. DISCUSSION
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Fig. 7. Simulation results of the hybrid algorithm (paging scheme 1).

needs to maintain a cell vector and relay the information to théowever, the actual number of registrations in the slots are
HLR periodically. intricately interdependent random variables. A simulation study
We hope this paper provides a new perspective on loda-performed to determine whether the simplified analytical
tion-tracking strategies. In contrast to traditional randomesult still gives an accurate prediction to the actual performance
access and deterministic paging, the contention-free LU aofithe algorithm. All three paging schemes are investigated
probabilistic paging schemes offer an alternative paradigm our study. For each paging scheme, the system parameters
on location tracking. More sophisticated protocols based én, 7,, r) are optimized with the assumptiop = 50. We
[3] should be designed to jointly optimize radio and networkun the simulation for eight different mobility scenarios by
resources usage. varying the mean dwell time of the mobile users. This is done
for all three paging schemes. The simulation is written in
Matlab and run for a simulation time of 300 h. This generates
enough calls to average out variations of the probabilistic
In this Appendix, a simulation study on the HBF algorithnpaging schemes.
is reported. The probabilities of paging a cell in each proposedAs shown in Fig. 7, the simulation results for all paging
paging scheme are given in (24)—(26), respectively. They asehemes are plotted with the analytical results. We observe
obtained with the assumption that the number of registratiotigt the simulation results are very close to analytical results.
in each sloty; is equal to the average valaegiven in (23). Thus, our analytical results are justified. We conjecture that the

APPENDIX
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analytical result is a conservative estimate of the actual ca -
especially in a high-mobility scenario. At high mobility, a large
proportion of cells are paged. If the targeted MU just departs
cell when a call arrives, it may happen that the new cell is st

one
and

(1]
(2]

(3]

4
(5]
(6]
(7]
(8]

El
(10]

(11]

(12]

(23]

(14]

(15]

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 50, NO. 1, JANUARY 2001

Wing Ho A. Yuen received the degree in electrical
and electronic engineering from Hong Kong
University of Science and Technology, Hong Kong,
in 1995 and the M.Phil. degree in information
engineering from the Chinese University of Hong
Kong in 1997. He is currently pursuing the Ph.D.
degree in electrical engineering at Rutgers—The
State University, New Brunswick, NJ.

His research interests include mobility manage-
ment, power control, rate management for cellular,
andad hocnetworks.

of the paged cells. This decreases the need for flood
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