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An Efficient Handoff Management Scheme for
Mobile Wireless ATM Networks

King-Sun Chan, Sammy Chan, King-Tim Ko, Kwan L. Yeui@genior Member, IEEEand Eric W. M. Wong

Abstract—in this paper, a new handoff management scheme wired network. The advantages of this scheme are that it is
for wireless ATM networks is proposed. In this scheme, all cells very simple, the cell sequence can be easily preserved, and the
are connected to their neighboring cells by permanent virtual handoff process is very fast. However, it has a drawback that

circuits (PVC’s) and to the access switch (AS) by switched virtual .
circuits (SVC's) which are only for new calls. Some carefully when a mobile makes a lot of handoffs, the path would be con-

chosen cells, callederouting cells,are also connected to the AS by tinuously elongated, which leads to path inefficiency. In the in-

PVC’s. In summary, if a mobile roams to an ordinary neighboring  cremental reestablishment scheme [6], the traffic path would be
cell, its traffic path is simply elongated by a PVC connecting partly reestablished in each handoff. Here, the main problem is
the old and new cells. If a mobile roams to a rerouting cell, its || the time constraint. In the multicast establishment scheme

traffic path is rerouted to a PVC between the AS and rerouting 7118 h Il is initiated t of virtual
cell. By using PVC's for handoff calls, we can guarantee fast and [7], [8], whenever a new call is initiated, a set of virtual con-

seamless handoff. At the same time, our scheme improves the pathnections, named sirtual connection tregVCT), is created,
efficiency by limiting the maximum number of hops that a path  reaching all cells to which the mobile might move in the future.
can be extended. Also, allowing path rerouting at a suitable time \When the mobile roams to one of these cells, the preestablished
means the network resources are more efficiently utilized. VC can be used immediately. The scheme enables fast handoff
Index Terms—Handoff, rerouting, wireless ATM. and guarantees quality of service (QoS) even during handoff as
network resources are preallocated. However, it consumes too
much resources and results in network inefficiency.
In this paper, we propose a new handoff management scheme.
N WIRED networks, ATM-based B-ISDN will be the In this scheme, some cells are defined as rerouting cells and
single infrastructure which integrates all types of servicesghers are ordinary cells. Each cell is connected to its neigh-
in the same network. Recently, many research efforts have b&eming cells by permanent virtual circuits (PVC’s). An ordi-
devoted to extend the ATM capability into wireless networksiary cell is connected to its local access switch (AS) only by
leading to the emergence of wireless ATM networks [1]. Tewitched virtual circuits (SVC's). A rerouting cell is connected
support mobility in wireless ATM networks, fast and seamless its AS by both SVC’s and PVC’s. PVC's are only used for
handoff is a crucial issue. Due to the very high transmissidtandoff calls. In the linear environment, rerouting cells are reg-
speed, a short connection interruption will cause a large amoutdrly spaced. If a mobile roams to a rerouting cell, the traffic
of information loss. As the population of mobiles increases, thth would be rerouted to a PVC between the cell and AS. If a
cell radii will be further reduced. So the handoff would occumobile roams to an ordinary cell, the traffic path is simply elon-
more frequently in the future. The handoff processing will bgated by a PVC between the current and new cells. In the planar
the bottleneck if centralized handoff processors are adoptedenvironment, seven cells are grouped as a cluster. The central
According to [2], the handoff schemes proposed in the litegell is designated as a rerouting cell. A system parametger
ature for wireless ATM networks can be divided into four caddefined in this case. There is a handoff counter in each mobile.
egories: 1) full establishment; 2) connection extension; 3) iEach time the mobile makes a handoff, the counter is increased
cremental reestablishment; and 4) multicast establishment.pnone. Each time the traffic path is rerouted, the counter is reset
the full establishment scheme [3], each handoff triggers an @s-zero. If a mobile roams to a rerouting cell, its traffic path is
tablishment of a new virtual circuit (VC) between the terminalserouted to the rerouting cell immediately, as in the linear case.
This is rather time consuming and hence cannot guarantee sedm-mobile roams to an ordinary cell and the handoff counter
less handoff required by wireless ATM networks. In the connefs less than the system parametethe traffic path is simply
tion extension scheme [4], [5], for each handoff, the traffic patlongated by a PVC between the current and new cells. If the
is elongated from the current cell to the new cell by appendirgunter is equal te, the traffic path would be rerouted to the
one hop to the existing connection. This hop is a separate view cell via the rerouting cell in the same cluster.
tual connection between the current and new cells through than essence, our scheme has the advantages of both the con-
nection extension and incremental reestablishment schemes. On
one hand, it enables fast handoff by path elongation using PVC,
Manuscript received March 5, 1998; revised April 27, 1999. This work WzQUt at the same time, itimproves the path efficiency by limiting
supported by the Research Grants Council of Hong Kong (RGC) under Gréhe maximum number of hops that a path can be extended. On
9040205. _ _ __the other hand, it allows path rerouting to efficiently utilize the
The authors are with the Department of Electronic Engineering, City Univer- . : . . .
sity of Hong Kong, Kowloon, Hong Kong. network resources. Also, since rerouting is restricted to certain
Publisher Item Identifier S 0018-9545(00)03690-2. types of handoff calls (handoff counter » or rerouting cell
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indication” message fron.S; and returning the acknowledg-
ment for the indicationB.S; forwards the traffic coming from
the SVC to the PVC and vice versa.

Then, consider the mobile goes on to visit cell 3. The sig-
naling procedure is the same as that of the previous handoff.

Access Switch

The traffic path between the AS and the mobile now becomes:
0 1 ). | d | d+l)... | 2d |2d+] 2442 ... AS-BS;-BS,—BSs—mobile, where between the AS aitb;
is a SVC; betweeBS; and BSs, as well asBSs to BS;3 are
— SVC+PVC PVC’s.
— SVC Next, consider the mobile goes on to visit cell 4. Note that cell

4 is a rerouting cell, which means that the traffic path should be
rerouted. The handoff signaling procedure is shownin Fig. 3. The
mobile first sends a “handoff request” BS.;.. B.S, how checks

is hit), the processing load is much less than that in the incligany PVC connecting to the AS is available. If that is tris,
mental reestablishment scheme. The remainder of this papefif send a “PVC allocation” message to the AS including the
organized as follows. In Section Il, the proposed scheme in thgll's VCI and the identifier of the PVC to be used for the path
linear environment is described in detail and its performancerigrouting. After receiving the “PVC allocation” froS., the
evaluated. In Section Ill, we extend our scheme into the plangs sends an acknowledgment to that allocation. After receiving
environment and analyze the performance. In Section IV, we @ke ACK from the AS,BS. sends the “handoff ready” to the
plain our scheme in the general environment with multiple AS’gobile. Then the mobile performs the wireless channel handoff,

Fig. 1. The architecture of wireless ATM networks in linear environment.

Finally, we conclude this paper in Section V. and after that, send a “handoff” 85, indicating the wireless
channel handoffis completed. Meanwhile, the mobile also sends
II. LINEAR ENVIRONMENT a “PVC release” signal t@.55, informing it to release the re-
o served PVC. Whei S, has received the “handoff’ signal from
A. Scheme Description mobile, it sends “handoffindication” to the AS. Then the AS will
Here, we consider the linear environment, as shown update the routing table and acknowledge the indication. At the
Fig. 1. Some cells, say cells @, 2d, 3d, - - -, are assigned to sametime, wheR S5 hasreceivedthe “PVCrelease” signalfrom

be rerouting cells. Between the rerouting cells and AS, thetee mobile, itreleases the PVC between itself B and sends
are SVC's and PVC's. Between those ordinary cells and thesimilar message tBS,. BS; releases the reserved PVC and
AS, only SVC's can be established for new calls. Betweenpgopagates the messagdis;. ThenB.S; will release the SVC
pair of neighboring cells, there are PVC'’s for handoff calls. fonnecting to the AS for the call.
a mobile roams into a rerouting cell, the traffic path would be Since ATM is an connection-oriented technology, it is impor-
rerouted directly to the rerouting cell. If a mobile roams into atant to preserve the cell sequence during handoff. In our scheme,
ordinary cell, the traffic path is elongated by a PVC betweeamhen the path is elongated after a handoff, the cell sequence is
the current and new cells. Here, we gather all reroutings wéaturally preserved. Only when the path is rerouted, a mecha-
handoff calls to some rerouting cells, thus, we obtain sonmésm is needed to ensure the integrity of cell sequence. Here,
statistical multiplexing gain and reduce the required numberwe provide a simple mechanism for this purpose. Referring to
PVC'’s between cells and the AS. Fig. 3, we assume there is a buffer in the AS for each PVC con-
Now, we illustrate how the scheme operates by consideringcted to the rerouting cell. After the switch allocates a PVC
an example. Referring to Fig. 1, let the base station inidedl to the rerouting cell upon the request of rerouting, it sends a
denoted as35;. Assumed is four. When a mobile initiates a special cell, calledlownlink end-connectiofDEC) cell, to the
new call in cell 1,BS; will establish a SVC between itself andmobile along the existing connection. At the same time, it stops
the called terminal through the AS. Then, a VCI is assigned tansmitting subsequent cells to the mobile and keeps them in
this call. Consider the mobile roams to its neighboring cell, salge buffer. Only when the mobile receives this DEC cell, then it
cell 2, before the call is finished. As shown by the signalingan acknowledge the handoff indication from the rerouting cell.
procedure depicted in Fig. 2, the mobile first sends a “handd@nce this acknowledgment reaches the AS, the switch will first
request” message tBS-, including the ID of BSy, the call's release the buffered cells, then relay subsequent cells, to the mo-
VCI , QoS requirements. Since cell 2 is an ordinary cBIf, bile via the new path. By this mechanism, the cell sequence can
checks the availability of PVC’s between itself aBd; to see easily be preserved. Similarly, to preserve the sequence of up-
whether it can support the call. If yes, it serf8lS; a “PVC allo- link traffic, as soon as the mobile initiates a handoff, it sends a
cation” message including the identifier of the PVC to be useaglink end-connectioflJEC) cell along the old path to the AS.
for path elongation. Whe S, receives the acknowledgmentSubsequent uplink traffic are buffered in the mobile until the
for the PVC allocation fromB.S,, it sends a “handoff ready” handoff is ready and the mobile has received the acknowledg-
message to the mobile. Then the mobile performs the wireleagnt of the UEC cell from the AS.
channel handoff, and after that, sends a “handoffBt8, in- To control the cell delay variation (CDV), the scheduling al-
dicating the wireless channel handoff is completed. Upon rgerithm for jitter compensation [9] can be employed at the AS
ceiving the “handoff” from the mobilel3.S; sends the “handoff for downward traffic and base station for upward traffic, respec-
indication” to BS;. Immediately after receiving the “handofftively. In this algorithm, the local delay time (LDT) is assigned
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Mobile

handoff request

(VCIL, QoS, number of handoffs,
ID of BS1)

New BS

check availability of PVC

Current BS

PVC allocation
handoft ready PVC alloc. ack.
handoff handoff indication

handoff ack.

route traffic from PVC to SVC
or another PVC, and vice versa

|

Fig. 2. The signaling procedure for a handoff call using PVC connecting neighboring cells.

* This step is required only in the planar environment, as explained in Section 3.

Current BS

Mobile New BS Access Switch Original BS
handoff request
[k valie of Rardoft dourie
[ check availability of PV(
PVC allocation
handoff ready PVC alloc. ack.
handoff handoff indication
PVC release
routing table update PVC
handoff ack. PVC release
PVC release :
PVC release
SVC release
SVC release

* This step is required only in the palnar environment, as explained in Section 3.

Fig. 3. The signaling procedure of a handoff call applying for a PVC between the base station and AS.

for each node along the traffic path during the call setup phaseTo preventlooping in traffic path, the mobile needs to perform
Cells delayed longer due to traffic path rerouting at the AS ¢ihe loop detection. Each mobile is assumed to keep a path record
base station have higher priority over normal cells and will e store the path information after the AS. For example, refer-
transmitted first. The cell delay variation can be improved hyng to Fig. 1, assumé = 4 and a mobile initiates a call in cell

1. The initial traffic path is: ASH.5;—mobile. The mobile stores

this algorithm.

release

801
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B, in his path record. Then when the mobile moves to cell o0 PVG will be released in three cases: 1) if the call is natu-
BS, is added to the path record. Similarly when the mobile furally terminated before the mobile enters cell 4; 2) if the call is
ther moves to cell 3353 is added to the path record. Now in theforced to be terminated when the mobile enters cell 3 or cell 4
path recordBSy, BS», andBSs5 are stored, meaning the trafficdue to handoff failure; and 3) when the mobile enters cell 4, the
path from AS to the mobile is AS3:S;—B S,—BSs—mobile. If call is rerouted. We label the holding time 8 C; as7s, no

the mobile now moves back to cell 2, sinBs, is already in matter whethePV C| is released due to cases 1)-3). Similarly,
the path record, it knows that if another PVC betwét$; and if a PVC labeled PV@ connectingB.S; to B.S; is assigned to
BS, is added to the path, there will be a loop on the traffic patithis call, the holding time for PVEis labeled ag; .
BS>—BS3—BSs. So the mobile would reque#tS; to release  We now derive the mean of this random variable. First, we
the existing PVC betweeR .S, andBS3 and directly switch all only consider cases 2 and 3. That is, the call will not be nat-
traffic to it. After the PVC betwee3.S; and B.S3 is removed, urally terminated before the mobile makes #ta handoff at-
the mobile remove#35; from his path record, reflecting now tempt. Letp; be the probability that the call would be blocked
the traffic path is: ASBS;—-B.S,—mobile. Considering anotherdue to unavailability of PVC when the mobile tries to handoff
scenario in the above example, assume that after the mobile eranother cell. Lef;. be the VC'’s holding time under this con-
ters cell 3, it goes on to cell 4. As cell 4 is a rerouting cell, theideration, anch be the number of cells the mobile has resided
traffic path will be rerouted. After the path rerouting, the patburing the interval in which the VC is occupied. Foe= 1, we
record of the mobile is updated to only contdy,, reflecting simply have

now the traffic path is: ASB.S,—mobile. Then if the mobile

goes back to cell 3, as the traffic path has been rerouted, no loop pin=1)=1

will be included along the path after a PVC betwe@f, and
BSj3 is assigned to it, so the path can be extended by a PVC
tweenBS; andBS,, andB.S; is included in this path record. P(n=1)

Bé‘—d fork > 1, we have

P(n=2)=(1-pslpy
B. Performance Analysis

L. _ _ k—2
Now we evaluate the performance of our scheme in linear Pin=k-1)=01 pf)k 1pf
environment. Here, we consider voice calls only. The following Pln=Fk)=(1-pp)".

assumptions are given first.
P J Let Ny [2] be the generating function of variable We have

1) The call holding timel,, is exponentially distributed

with mean1 /. ko

2) The originating calls arriving in a cell follow a Poisson Nilz] = Z z'P(n =)
process with rate,. i=1

3) The time intervalR during which a mobile resides in a _psrt A —pp)kQ = 2)
cell, called the cell sojourn time, has a general distribu- 1-(1—pp)= '
tion, and the cell sojourn time&™), R(? | ... consecu-

tively induced by movement of a mobile are independent Let @Z(S). bg the LapIa_ce—StieItjes transform (LST) of
and identically distributed. Fy, (t), the distribution function of;. We have

When a mobile is within a cell, assume a VC labeled,VC O7(s) = Ni[R*(s)]
connecting the cell's base station to the AS or to the base station
of another cell is occupied for a ongoing call. The mobile wilvhere R*(s) is the LST of the distribution function oR.
subsequently visit other cells, cells s, - - -. Assume celt;, is The distribution function off}, is
arerouting cell and cells (j < k) are ordinary cells. When the
mobile enters celi,, the traffic path of the call is rerouted if the Fr,(t) = P(min(0, Tp) < t).
callis still ongoing. The traffic path will only be elongated when S ) o
the mobile enters cell; (j < k). We call VG's holding time Since call holding time is exponentially distributed
asT}. The VC can be released when: 1) the mobile enters cell
iy, and the traffic path is rerouted; 2) the connection is naturally
terminated before the mobile enters c&ll or 3) the connec- ¢,
tion is forced to be terminated due to handoff blocking when it

P(T]w < t) =1 ¢ Hut

moves to one of the cells, is, - - -, 7. No matter whether VC Pr(t) = Fp (1) + (1 — Fp, (£))(1 — e+,
is released due to cases 1)-3), we label the holding time of VC
asT}, . For example, referring to Fig. 1, assumie= 4. Con-  To obtain the mean df}, we first deriveT} (s), the LST of

sider that a mobile initiates a call in cell 1 when he is movingr, . Let Fir,, (¢) be the distribution function dfy; and fr,, (¢)
right and subsequently visits cells 2-5. When the mobile entdg the density function. We have

cell 2, a PVC labeled PVCconnecting theBS; to BS; is as-

signed for this call. When the mobile enters cell 4, as cell 4 is a Fr, (t) =1— ¢t

rerouting cell, the call will be rerouted if the call is still ongoing. fry (8) = pageHr
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The LST of Frr,, is

T3 (s) = / e, (1)
0
_ 125.%3
s+ pnp

Let f1, (¢) be the density function oI}, and fy, (t) be the
density function o®;.. We have

fr(t) = 5 Fr, (1)
= % [Fr,, () + (1 — Fr,, (t)Fs, ()]

=ppe "M 4 fo, (1)

t
Ep— / for () du + (1 — e=#548) fy, (1)
0
t
g R fy (£) — pupgemiort / for (1) s
0

So we have (1a), given at the bottom of the page.
With the assumption thak is exponentially distributed with
meanyu g [10], we have

S+ IR
and hence
* 227 S
Tr(s) = +
i(s) s+ pn S+ i
pRPs + (8 + par) [M} k
] / S+ pp + PR
S+ p + BRPS
Since
d J15%s
— T (s) =——"—
ds k( ) (3+NM)2
k
pr(l—py) }
+(s+ —
- prpy + (5 + par) |:3+NA4+NR
S+ iy + BRPS
+ A(s)

803

where A(s) is a function ofs with A(0) = 0 and the mean of
Ty, E[13], is given by
BT == 4 T3(5)umo
ds
1 [NR(l —pf)} *
Uy + PR
by T PrUR

As will be seen later, this result is used in dimensioning the
VC quantities for our handoff scheme. Now, we will derive the
expressions to be used for dimensioning. Here, we assume the
mobile will only move along one direction. That is, if the mo-
bile moves from left to right initially, then throughout the call
the direction of movement will remain unchanged. Referring to
Fig. 1, cells0, d, 2d, - - - are designated as rerouting cells only
in which can a handoff call be rerouted. ke, be the average
of the number of occupied SVC's connecting the base station in
cellito ASfornewcalls < i < d—1), Ny, be the number
of required PVC’s connecting the base station in ¢eth AS
for handoff calls (if cell: is not a special cell, then;; = 0),
nfm be the required number of PVC'’s connecting ¢éd its left
neighbor, and.,; be the required PVC'’s connecting cétb its
right neighbor (if cell is a special celln;i =ny, = 0).

To each cell, the handoff call arrival rate is given by [5]

A = pr(1 — po)ro
=
WA+ BRP S

wherepyq is the blocking probability of a new call.

If the probability that a handoff call is from the left neigh-
boring cell is equal to that from the right neighboring cell, then
the handoff call arrival rate from each sidedig/2.

To determine the required number of PVC’'s and SVC's in
each cell, we only need to consider cgld < ¢ < d, because
any cellj, 7 > d, has the same requirements as ¢afl j —
|j/d|d = <. We first derive the mean occupied SVC's in each
cell. If a call is initiated and accepted in céllan SVC will be
occupied by the call. Now considetz 0. If the mobile moves to
left, the mobile will reach cell 0 after going througleells. The
call will then be rerouted and the SVC in celé released. So the
mean holding time i&[Z;]. On the other hand, if the user moves
to right, the mean holding time i5[7};_;]. Next, considef = 0,
the mobile will go throughd cells before reaching a rerouting

T = [ fre
3%, " HM
= + Ny [R*(s + -
s+ py KB (s )] S+ pipr

253 s *
S+ pn S+ pm KR )]

N[R* (s + par)]

s R (s+pan)py + (1= pp)*R (s + poar)* (1 = R*(s + pwr)) LY

Y 1—R*(s+ par)(1 —py) s+ par

_ v+ pys — p (X = pp)IR (s + o)

s(1=pp)* (L= R (s + pan DR (s + ) 1a)

(s 4 par)(1 = B (s + par)(1 = py))

(s 4 par)(1 = R*(s + par)(1 = py))
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cell no matter which direction it moves, the mean holding time Define the processing logg to be the ratio of the number
is thusE/[T;.]. So we have of handoffs whose traffic path need to be rerouted to the total
number of handoffs. Then we have
nai = Mo(1-po)(E[G1+E[Ta_i])/2.  for0<i<d (1)

1

and =
ns0 = Ao(1 — po)E[Ty]. (2) Itcan be seen that the processing load is inversely proportional

to d.
The average number of required SVC's per cell is
i C. Numerical Results
Z”” Now we present some numerical results, given the new call
N, i= arrival rate is 11.9 calls per minute per cell, the mean call
L=y holding time is 2 min, the new call blocking probability is 1%,

| derive th ber of s f Irequired and the handoff call blocking probability is 0.1%. Fig. 4 plots
Now let us dernve t € number o PVQ s for ?e equired o 0 required number of SVC'’s between a base station and the
connect to its left neighboring cell (cel- 1) n

, ; - pi’ If a‘mob|le AS versus cell sojourn time for different valuesdfThe unit of
n cell ¢ comes from - L th_en apvc connectlng calto _ceII cell sojourn time is minute. It can be seen that when the mean
¢ — 1 will be occupied. In this case, the call arrival rate\l§'2  q|| sojourn time is small, which means the handoff frequency
and the mean holding time B[Z,_;]. So, we have is high, the smaller the, the less the required SVC's. This
W is because when the cell sojourn time is small, the number of
_ M ELail/2)" [yt (3) handoff is more likely to exceed, which means rerouting to
i a PVC of another base station is more likely to occur and thus
(ME[Ty=:]/2)7 /3! leads to shorter SVC holding time. Given a cell sojourn time,
j=0 the larger thed, the longer the SVC'’s holding time, so the
_ _ ) required number of SVC's is larger. When the cell sojourn time
On the other hand, if the mobile comes from right, the PVCig 1y ch larger than call holding time, it can be seen that for
mean holding time i&[7;]. So we have d = 5, the required SVC's is close to that fdiis infinity. This
o is because almost all calls will be naturally terminated before
_ wB[T/2)™ /”pi!_ (4) the mobile has made more than five handoffs.

Df

[

Pr=—= . . .
T ' InFig. 5, the required PVC's per cell connecting to the AS for
> (AE[T)/2) /5! handoff calls versus cell sojourn time is shown. It can be seen
J=0 that asd increases, the required number of PVC’s decreases; as

) i, B the cell sojourn time increases, the required number of PVC's
By (3) and (4), we can obtamﬁ,i a”d,”pi foraspecifiep;. The 450 decreases. This is because as the cell sojourn time increases,
average number of required PVC's connecting to neighborifge handoff frequency decreases and thus the handoff call ar-

cells per cell is rival rate that will request a PVC for call rerouting decreases
a1 dramatically. So although the PVC’s holding time increases as
Z (n, +n’) cell sojourn time increases, the required number of PVC’s will
P P .
= decrease. In our example, for the system parandetes, it can
Ny = -4 be easily shown that when the cell sojourn time is greater than 3

' S, A\ E[Ty] will decrease as cell sojourn time increases, but the
For cell 0, only PVC's connected to the AS are required. Singcrease will be slower when the cell sojourn time is bigger. So
the handoff call arrival rate |$h and the mean h0|d|ng time Is the required number of PVC'’s per rerouting cell Connecting to

E[13], we have AS decreases as cell sojourn time increases, but the decrease is
. slower as cell sojourn time is bigger. Similarly, @increases,
_ (AnE[Ta])"r /150! (5) the handoff arrival rate requiring a PVC connecting to the AS
50 ) decreases while the holding time of PVC increases, the overall
Z (M E[Ty])7 /5! effect is that the required number of PVC'’s decreases.
§=0 In Fig. 6, the required number of PVC'’s per cell connecting

to neighboring cells versus cell sojourn time is shown. It can

'%\cé seen that as cell sojourn time increases, the number of re-
quired PVC's decreases, and, for a fixed cell sojourn timé, if
" decreases, the number of required PVC'’s would decrease, but
Ny = -2 the improvement becomes less as cell sojourn time increases.
d . AR

Also, when the cell sojourn time is much larger than the call

Note that N3 is calculated only for comparison with otherholding time, for example, when cell sojourn time is 6 min and

schemes in the next section. the call holding time is 2 min, the required number of PVC'’s

The average number of required PVC’s connecting to the
per cell is
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25

d is infinity

required number of SVCs per cell connecting to the Access
Switch

0 : : : : : :
0 1 2 3 4 5 6 7 8
cell sojourn time (minute)

Fig. 4. The required number of SVC's for each cell connecting to an AS in the linear environment.

40

Switch

required number of PVCs per cell connecting to the Access

0 : : } f .
0 1 2 3 4 5 6 7 8
cell sojourn time (minute)

Fig. 5. The required number of PVC's per cell connecting to the AS in the linear environment.

becomes independent @f This is because almost all calls will  Now we compare our scheme with the VCT [7] and PVC-
be naturally terminated before they needed to be rerouted. based scheme [5]. Here, we consider the linear environment
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300

250

200 +

100 +
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Fig. 6. The required number of PVC's per cell connecting to neighboring cells in the linear environment.
TABLE | the rerouting processing load of the AS. By choosing an ap-

THE REQUIRED TUMBER OF Yoo PER propriate system parametérwe can keep both the processing
ELL FOR DIFFERENT SCHEMES .. . .
load low and the path efficiency high. Compared with the VCT

SVC | PVC1 | PVC2 | total scheme, our proposed scheme requires much less total number
d=1 | 1178 | 24 0 35.78 of VC's, the bandwidth efficiency of our scheme is thus much
d=3 [ 16.68 | 12 | 233 | 51.98 higher.
d=5 | 18.99 7.6 32 58.99
d=oco | 23.56 0 48 71.56
VCT | 1154.5 0 0 1154.5 I1l. PLANAR ENVIRONMENT

A. Scheme Description

with 49 cells. Table | shows the required number of VC's for In planar environment, the scheme needs some modification.
different schemes, given the new call arrival rate is 11.9 callss shown in Fig. 7, seven cells are grouped as a cell cluster,
per minute, the mean call holding time is 2 min, and the medme central cell is defined as a rerouting cell, other six cells are
cell sojourn time is also 2 min. The new call blocking probaealled ordinary cells. Each cell belongs to one and only one
bility is 1% and handoff call blocking probability is 0.1%. Incell cluster. There are PVC'’s connecting two neighboring cells.
the table, the SVC column shows the number of SVC’s for diach cell has SVC's connecting to the AS for new calls. Only
ferent schemes; the PVC1 column shows the required numbemouting cells have PVC’s connecting to the AS for handoff
of PVC'’s per cell connecting to the AS and the PVC2 columealls. Here, we define a system parameteYWe also assume
shows the number of required PVC’s connecting to its neigthere is a handoff counter in each mobile. When a call is initiated
boring cells. Although the VCT scheme does not need PVCis,a cell, the handoff counter is set to zero. Then every time when
the number of SVC'’s is much larger than other schemes. Whigre mobile makes a handoff, the counter is increased by one. If
d = oo, our scheme becomes the PVC-based scheme as int[f counter is less than the system parametére traffic path

in which no PVC'’s connecting a cell to the AS is required, bus elongated by a PVC between the current and new cells. If the
the PVC’s connecting neighboring cells is the largest. Wheounter is equal te, the traffic path is rerouted to the new cell

d = 1, no PVC’s connecting neighboring cells is required, anda the rerouting cell of the same cluster. The handoff counter is
the total number of VC’s is the smallest. However, during ea@iso reset to zero. If a mobile roams to a rerouting cell, the traffic
handoff, the traffic path would be rerouted by AS. This meanmath is directly rerouted to the rerouting cell, and the handoff
that the AS would be involved in each handoff, and hence teunter is reset to zero.

processing load of AS is the heaviest. So when choosing a valu&low we demonstrate how the scheme operates by an example.
for d, there is a tradeoff between the traffic path efficiency arideferring to Fig. 7, let the base station in celbe denoted as
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sage fromB Sy, BS; will checkifany PVC betwee®S; and the
AS is available. If that is trueB3.S; will send a “PVC allocation”
messagetothe ASincludingthe call's VClandtheidentifier ofthe
PVC to be used for the path rerouting. When the AS has received
the “PVCallocation” fromB S5, it returns an acknowledgmentto
BS5, which then also returns an ACK 185, indicating that the
path to the AS for rerouting is read#.5, now sends “handoff
ready” to the mobile. After receiving the “handoff ready” from
BS,, the mobile performs the wireless channel handoff. When
that is finished, the mobile sends “handoff’ &5 ,. Meanwhile
the mobile also sends a “PVC release” messagg $g. After
receiving the “handoff” from the mobil&} S, sends “handoffin-
dication”toB.S;. After B.S; hasreceived thismessage, itupdates
sve its routing table and sends a “handoff indication” to the AS. After
§: rerouting cell the AS hasreceivedthe “handoffindication,” itupdatesitsrouting
table, and returns an ACK to that indication. Upon receiving the
ACK fromthe AS,BS; alsoreturns an ACKt®.5,. Atthe same
time, whenB S5 hasreceived the “PVC release” from the mobile,
it releases the reserved PVC between itself Bitd and sends
a similar message tBS,. BS- releases the reserved PVC and
BS;. Assumer is three. Cells 1-4 are ordinary cells, and cePropagates the messageis;. ThenBS; will release the SVC
5 is a rerouting cell. When a mobile initiates a new call in cefionnecting to the AS for the calll.
1, BS; will establish a SVC between itself and the AS. Then,
a VCl is assigned to this call, and the handoff counter is setlfo Performance Analysis
zero. Consider the mobile roams to its neighboring cell, say cellMaking the same assumptions as in the linear case, a VC con-
2, before the callis finished. The handoff counter is increased Rgcting the cell’s base station to the AS or another cell’s base
one. As shown by the signaling procedure depicted in Fig. 2, thgtion is occupied by the mobile. The VC can be released in
mobile first sends a“handoffrequest’ messagBth, including  three cases: 1) the connection is naturally terminated; 2) the con-
the ID of BS, the call's VCI, QoS requirements and the valu@ection is forced to be terminated due to handoff blocking; and

\ Access Switch

— PV C

Fig. 7. The planar personal communication network.

of the handoff counter. Since cell 2 is an ordinary cell 8,  3) the traffic path is rerouted at ifth handoff. As in the linear
firstchecks if the value of the handoff counter is equaltSince case, the mean of the VC'’s holding time is

it is less than, BS; checks the availability of reserved PVC'’s
between itself and3S; to see whether it can support the call.
If yes, it sendsB.S; a “PVC allocation” message including the
identifier of the PVC to be used for path elongation. WHe$),
receives the acknowledgment for the PVC allocation fi®fh it

1 [/m(l —Pf)}Z
E[T)] = iy + PR
‘ UM+ PrUR

sends a *handoff ready” message to the mobile. Then the mohjilg us define the following variables first:

performs the wireless channel handoff. After that , the mobilg,
sends a “handoff” message B, indicating the completion of
wireless channel handoff. Afté?.S, has received the “handoff”
frommobile, itsends a“handoffindication” #8S; . Immediately
after receiving the "handoff indication” message frémy> and v,
returning the acknowledgment for the indicatiétfy; routes the
traffic coming from the SVC to the PVC and vice versa. Ny

Then consider the mobile goes on to visit cell 3. The sigy,
naling procedure is the same as that of the previous handoff.
Now the traffic path between the AS and the mobile terminal is:
AS-BS,— BS,—BS3—mobile, where between AS ariglS; is ),
a SVC and betweeBS; andBS, as well asBS, to BS;3 are
PVC's.

Next, consider the mobile goes on to visit cell 4. The value of, ,
the handoff counter is now equal to three, which means that the

required number of PVC'’s connecting an ordinary cell to
one of its ordinary neighboring cells;

required number of PVC'’s connecting an ordinary cell to
the rerouting cell of the same cluster;

required number of PVC’s connecting a rerouting cell to
the AS;

required number of SVC’s connecting a cell to the AS;
arrival rate of handoff calls coming from an ordinary cell
to an ordinary cell that require a PVC connecting the two
cells;

arrival rate of handoff calls coming to an ordinary cell
that requires a PVC connecting the ordinary cell to the
rerouting cell of the same cluster;

arrival rate of handoff calls requiring a PVC connecting
the rerouting cell to the AS.

traffic path should be rerouted. The handoff signaling procedurenow let us derive the handoff call arrival rate. Lgtbe the

is shown in Fig. 3. The mobile first sends a “handoff request” tgrobability that a call will make at leashandoff requests. Then
BS,. Noticing the handoff counter is equal to thrég$, now e have

checks if any PVC connecting to rerouting cell 5 is available. If a
PVC is availableB.S, will send a PVC allocation and rerouting
request message torerouting cell 5. Wiy, receives this mes-

pi=1—pp)t <M7R>Z .

PR+
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The total handoff arrival rate to a cel}, is

(a9} IR 7
A =Xo(1—po) > (1 —pp) <—)
P MR+ ftn
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offs ben; and the mean number of elongating handoffs.be
Then, therth, (2r)th, ---, (kr)th handoff & is a positive in-
teger) are normal rerouting handoffs. So

S ()

A 1-— n
_ dour(l — po) LT L MR+ [y

WRPf + biar ' =

We divide the handoff calls into two types: elongating handoff (1—psp) <L>
s . _ BR+ LM
requiring a PVC connecting the current and new cells to elon- = T
gate the traffic path and rerouting handoff requiring the call to 1—(1—pp)r <”—R>

be rerouted to the new cell via the rerouting cell in the same R = fon
cluster. We further divide the rerouting handoff into two typesind

early rerouting handoff when the mobile enters a rerouting cell 00 i
while its handoff counter is less than the system parametad No = Z (1—py) Yyt < HR ) —ny
normal rerouting handoff when the handoff counter is equal to p— KRPf +

the system parameter Let us defingy; as the probability that o LR T
a mobile makes exactlyhandoffs during its call. From the Ap- LR (1-pys) <m)
pendix,g; is given by = - T
‘ WRPS T HM (1= py)r < 1R )
= (L—pp)'" 1<—“R )”{1_—@(1_”)} pr b
MR+ pm HR + M Now, consider the mobile was in a rerouting cell only at its

élw + ¢)th handoff wheré: and: are positive integers ard<
Consider a mobile initiating a call in a cell. The mean numb
< r — 1. For this case, denote the mean number of normal

of handoffsn the mobile may make during its call is given by rer_outlng handoffs be, and the mean number of elongating

handoffs bens. It can be seen theth, (2r)th, - - -, (kr)th hand-
offs and(kr 4 i+ r)th, (kr +i+2r)th, - - handoffs are normal

_ HR
WRPf + a1

rerouting handoffs. So we have (5a), given at the bottom of the
page.

It can be seen that| < ny andn} < n,. Assume a mobile
has experienced two early rerouting during a call, and the mean
of the number of normal rerouting the mobile makes during this
call benf. It can be easily proved that! < n;. So no matter

Consider the mobile has never been a rerouting cell during itew many times of early rerouting a mobile may experience
call, which means that there is no early rerouting handoff. Dduring a call,n; is always the upper bound of the mean of the
note, for this case, the mean number of normal rerouting hamdsmber of normal rerouting the mobile may make during a call,

- jr— MR
M

=1

oo () [

kr kr+i
1- pf)NR) 4 <(1 - pf)NR> N
MR+ [pf MR+ [ta

gr &%) ] LR kr+i+ir
S ()

=1

R+ s

: pr o\
1—(1—= L It
( pf) <NR+NM)

and
] kr+i
= gt ()
WRDf + pipg 13: 3 13
kr+i
()
WRDf + pipg b+ BR

r kr kr+z
(1= pyr-1 < 1R ) 1 <(1 —Pf)NR> 4 <(1 —pf)NR>
153 13, WR + pM MR+ i

: pr o\
1—(1—= o
( pf) <NR + LLM>

(5a)
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and it is used as the estimation of the mean of the numberagfesting a PVC connecting the rerouting cell to the AS is given
normal rerouting a mobile may make during a call. by
Consider a cell cluster as a unit. The mean rate of normal ,

rerouting handoffs and elongating handoffs due to all calls ini- Anz = An 4 30A1. ()

H H _ ! _ ! _

tiated in the cluster areo(1 — po)ny and7Ao(1 — po)nj, re By this scheme, an SVC can be occupied at n#j4t | if the

spectively. Now consider the arrival rate of handoffs comingto . . S e
. , . obile does not meet a rerouting cell during its firstandoffs,

the cluster. Defin@| and} as the mean arrival rates of normal.|

rerouting handoffs and elongating handoffs due to an ordinaOr EIL] if it meets a rerouting cell at itith handoff. For sim-

neighboring cell, respectively. The mean arrival rate of normgﬁfgys’ hj\efrevv\\;g %Z\?ean upper bound for the required number of
rerouting handoffs to the cluster38\] + 6}, where the first o

term @s the rate c_:oming to the si>$ ordinary cells, and th_e second N, = Mo(1 — po)E[T}].

term is that coming to the rerouting cell. If the system is stable,

the arrival rate of normal rerouting handoffs to the cluster shouldNow consider an ordinary cell. We will derive the required

be equal to that generated by those calls initiated within tiimber of PVC’s connecting to an ordinary neighboring cell.

cluster. So, we have When a handoff call comes to the ordinary cell from the con-
sidered neighboring cell and its handoff counter is only one, ac-
36A] = T7Ao(1 — po)n} cording to the scheme, the longest mean holding time of the
< 7Ao(1 — po)ny PVC for elongation is£[Z;._4]; if the handoff counter is two,
the longest holding time i&[7,._»] and so on. Here, we give an
or upper bound, assuming all the PVC's holding timé&ig;._].
We can model that as /M /m /m queuing system, where the
N < le(l — po)ns arrival rate ish;; and the average holding time §7,._,], so
36 we have
which will be used as the upper boundf. (A1 E[T_1])M /Nyt
Similarly, the mean of total arrival rate of elongating handoffs Pr="N, ) (8)
in a cluster isA;, + 30X;, where the first term is elongating Z (AmE[T.—1])"/n!
handoffs from the rerouting cell to its neighboring cells, and n=0

the.second term is_ elongating handoffs from ordinary cells gy (8), we can obtain the upper bound &t that satisfies the
ordinary cells. Again, we have handoff call blocking probability ;.
Next, we will deriveN, the number of PVC’s connecting an

/ _ _ /
80Xz + A =TAo(1 = po)nz ordinary cell to the rerouting cell in the same cell cluster. If the

<7Ao(1 = po)na handoff call is from the rerouting cell, the upper bound of the
PVC’s mean holding time i&[Z;._1]; if the call is from another
or ordinary cell, the mean holding time4§7’.]. As before, we can
» model it as a\/ /M /m/m queuing system with arrival rate,»
(1—po)* <L> and mean holding tim&[7;.]. Then
S TR TR A2 BT /No!
1— (1= poy (—E2— pr= : ©)
MR+ poar 2
> (N E[L]) /n!
which will be used as the upper bound)df. n=0
According to the definition, we have For the required number of PVC's connecting a rerouting cell
[ to the AS, we model it as &/ /M /m /m system with call arrival
ki = A2 rate A;,3 and mean holding timé&[7;.], we have
Now consider the call arrival rate of handoffs that request PVC’s (AnsE[T,]) s /N3!
connecting a ordinary cell to the rerouting cells. It consists of Pr =7, ) (10)
two components: handoff calls coming from the rerouting cell Z AnsE[L])»/n!
with mean arrival raté\;, /6; rerouting handoffs from ordinary n=0

: X . X p
neighboring cells with mean arival raié; . So, we have Finally, we consider the processing load defined in previous

section. In the planar environment, consider a cell cluster. The
total arrival rate of handoffs coming to any one of cells in the

For the mean arrival rate of handoffs requesting a PVC Co%lyster requmng'path rerouting Js,, while th.e total arrival Tate
f handoffs coming to any one of the cells in the clustémis.

necting the rerouting cell to the ATM switch, it consists of th th ing load in the ol ) i
rate of handoffs into the rerouting cells and the rate of rerouti € processing foad in the planar environment 1

handoffs into the six ordinary cells surrounding the special cells. Ah3
Therefore, the upper bound of the arrival rate of handoffs re- b= A

An2 = An/6 + 5[, (6)

11)
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Fig. 8. The required number of SVC's per cell connecting to the AS in the planar environment.

C. Numerical Results increases, the number of required PVC’s decreases. Again, that
is because as cell sojourn time increases, the handoff call arrival
In this section, some numerical results are presented, gi@fle decreases rapidly, so even though the VC's holding time
the new call arrival rate is 11.9 calls per minute per cell, the megreases, the required PVC's still decreases. When cell sojourn
call holding time is 2 min, the new call blocking probability istime is very small, the required number of PVC's increases with
1% and the handoff call blocking probability is 0.1%. Fig. . This is because, for small cell sojourn time, the increase in
plots the required number of SVC’s between a base station a{§lding time due to increase inbecomes more dominant. On
the AS in the planar environment versus cell sojourn time f@ke other hand, when cell sojourn time is large, the required
different values of. The unit of cell sojourn time is minute. It nymber of PVC’s decreasesascreases. This is because, for
can be seen that when the mean cell sojourntime is small, whigRye cell sojourn time, the increase in handoff arrival rate due
means the handoff frequency is high, the smallerthbe less g decrease im is more dominant.
the required SVC's. This is because when the cell sojourn timeFig_ 11 shows the required number of PVC’s per rerouting
is small, the number of handoff is more likely to exceedhich  ce|l connecting to the AS versus the cell sojourn time for var-
means rerouting is more likely to occur and thus leads to shorigy;s system parameter The PVC'’s are used for two types of
SVC holding time. Given a cell sojourn time, the larger the handoff calls: the first type is those handoff calls coming to the
the longer the SVC's holding time, so the required number @& outing cell; the other type is those handoff calls coming to the
SVC's is larger. When the cell sojourn time is much larger thagidinary cells in the same cluster and requiring path rerouting.
call holding time, it can be seen that for= 6, the required |t can be seen that, as cell sojourn time increases, the required
SVC'’s is the same as that feis infinity. This is because almost nymber of PVC'’s decreases. Again, this is because the handoff
all calls will be naturally terminated before the mobile has magey| arrival rate decreases more rapidly than the rate of increase
more than six handoffs. in VC holding time. It can also be seen that when cell sojourn
In Fig. 9, the required PVC’s in an ordinary cell connectingme is very small, as increases, the required number of PVC'’s
to one of its ordinary neighboring cell versus cell sojourn time iacreases; for a large cell sojourn time (greater than 0.5 min), the
shown. It can be seen thatascreases, the required number ofarger ther, the smaller the number of required PVC'’s. This is
PVC’sincreases; as the cell sojourn time increases, the require@ause, for small cell sojourn time, asncreases, the VC's
number of PVC'’s decreases. This is because as the cell sojohiding time increases rapidly. So even though the arrival rate
time increases, the handoff frequency decreases and thus thefthe second type of handoff calls decreases, the total required
rival rate of elongating handoff decreases dramatically. So evewC's siill increases. For large cell sojourn time, the effect of
though the PVC’s holding time increases with cell sojourn time,on VC’s holding time is much smaller, so as the arrival rate
the required number of PVC’s will decrease. Similarlyras-  the second type of handoff call decreases, the required number
creases, the arrival rate of elongating handoff increases and ¢h@VC's decreases. In our example, it can be shown that when
holding time of PVC increases, so the required number of PVCGgll sojourn time is less than 20 ¥,3E[7,.] will increase as
increases. increases; when cell sojourn time is greater than 2Q82[7.]
InFig. 10, the required number of PVC'’s of each ordinary celill decrease ag increases.
connecting to the rerouting cell in the same cluster versus cellFig. 12 shows the processing load versus cell sojourn time
sojourn time is shown. It can be seen that as cell sojourn tirfa differentr. It can be seen that as cell sojourn time increases,
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Fig. 9. The required number of PVC's for an ordinary cell connecting to an ordinary neighboring cell in planar environment.
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Fig. 10. The required number of PVC's for an ordinary cell connecting to the rerouting cell in the same cell cluster.

the processing load decreases. It is because, given a+fixedbe rerouted decreases, so the processing load decreases. It can
as cell sojourn time increases, the handoff calls that needatiso be seen that, given a fixed cell sojourn time, the processing



812 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 49, NO. 3, MAY 2000

250

200 } i

150 +

100

50

required number of PVCs a rerouting cell connecting to the
Access Switch

0 1 2 3 4 5 6 7 8 9 10
cell sojourn time (minute)

Fig. 11. The required number of PVC's for each rerouting cell connecting to the AS in the planar environment.

06 TABLE I
05 THE REQUIRED NUMBER OF VC's FOR DIFFERENT SCHEMES
|- SVC [PVCL [ PVC2 ]| total
= r=2 =2 | 17.66 | 9.7 | 49.7 | 77.06
=03 =4 | 2207 | 6.7 | 57.4 | 86.17
2 =6 | 23.17 | 5.8 | 61.7 | 90.67
o 0FT e T r=c0 | 2356 | 0 72| 97.56
01+ VCT [ 11545 0 0 | 11545
0
c 1 2 3 4 5 6 7 8 9 10 areas are connected to different AS’s. Fig. 13 shows the archi-
cell sojourn time (minute) tecture with multiple AS’s in linear environment where cells
0-23 are connected to AS 1; cells 23—-47 are connected to AS 2.
Fig. 12. The processing load versus cell sojourn time. We denote the area served by the same AS as switch area. In our

example, cells 0-23 belong to switch area 1; cells 24—47 belong
load decreases asincreases. That is because saiscreases. (0 Switch area 2. Also, we denote the cells on the boundary of

the proportion of handoffs that need to be rerouted decreas%}’g',mh area as boundary cell_s. Her(_a, we e_xplam how our scheme

so processing load decreases. So to a fixed cell sojourn time, ¥i&dles handoffs across neighboring switch areas.

can choose parameteto keep the processing load light. The rerouting cells are assigned as follows: for a switch area,
Finally, we again compare our schemes to the VCT and PV&]-e most left cell is assigned as a rerouting cell. F(_)r a given

based schemes. Assume there are 49 cells in a planar enviffFiem Parameter, after everyd cells, another rerouting cell

ment. Other parameters are the same as that in the linear |§rzla_§5|gned. The mos_t right cell (the right _boundary c_eII) is also

vironment. Table Il shows the results. It can be seen that diSi9ned as a rerouting cell. So for a switch area witkells,

scheme requires less VC's than the other two schemes. there aren = [(n +d — 1_)/‘11 remu“ﬂg cells. In our example,
we assumel = 4. Consider the switch area 1 with 24 cells.

We label cells from left to right as cell 0, cell 1, and so on.
Cells 0, 4,---, 20, 23 are rerouting cells. If a mobile roams
within a switch area and never comes to the boundary cells, the
So far, we have described our scheme in the situation tlegteration is the same as that described before. When a mobile
all cells are connected to the same AS. In general, an AS orlymes to a boundary cell, a signal is sent to find out the nearest
covers certain geographical area and hence cells in differentmmon node (NCN) between the AS’s of the current and new

IV. GENERALIZED SCHEME WITH MULTIPLE AS’S
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Fig. 13. The general scenario with multiple AS’s in the linear environment.Fig- 14.  The general scenario with multiple AS’s.

switch areas, as explained in details in [6], and then set upmalinary cell, the new traffic path includes the new SVC, a PVC
SVC between the NCN and the AS of the new switch area.bftween the new AS and the rerouting cell of the cell cluster to
the mobile goes on to the new switch area, the existing traffichich the new cell belongs, and a PVC from the rerouting cell
path between the NCN and the mobile is forced to be reroutidthe new cell.
to the path consisting of the newly established SVC and a PVCFor example, a mobile roams in switch area 1. When it enters
between the AS in the new switch area and the mobile. cell 3, as cell 3 is a boundary cell (its neighboring cells 5 and
This is illustrated by the following example. Assume a madb are connected to AS 2J3.5; will send a signal to the remote
bile initiates a call in cell 21. The connection path to the ré¢erminal to find out the NCN between AS 1 and AS 2, and set
mote terminal is: mobileBS,;—AS 1-NCN-remote terminal. up a SVC between the AS 2 and NCN for the call. Note that we
If the mobile roams to cell 22, the path is simply elongated o not set up the SVC to base stations because there are more
a PVC betweer3 S5, and B.S,;1. If the mobile handoffs to cell than one possible cells that the mobile may enter.
23 successfully, as cell 23 is a boundary cell (its right neigh- Now if the mobile roams to cell 5, the traffic path is rerouted
boring cell 24 is connected to AS 28553 will send a signal through rerouting celt3. A PVC between AS 2 and cefl3 and
to the remote terminal to find out the NCN between AS 1 aral PVC betweerBS; and BSss are assigned for the call. The
AS 2, and set up a SVC between the AS 2 and NCN for the caHlaffic path between the mobile and remote terminal becomes:
Now if the mobile roams to cell 24, the traffic path is reroutednobile-B.S;—B Ss3—AS 2—NCN-remote terminal.
A PVC between AS 2 and3 5., is assigned for the call. The Now we investigate the impact of the size of switch area to
traffic path between the mobile and remote terminal becoméie performance of our scheme. We analyze the performance of
mobile-BS55,—AS 2—NCN-remote terminal. our scheme in linear environment. Referring to Fig. 13, here we
Fig. 14 shows the architecture in planar environment withssume the sizes of all switch areas are the same, each switch
multiple AS’s. Again we denote the area served by the saraeea includes cells, for the simplicity of comparison. And we
AS as switch area. For example, cells 1-4 belong to switch agssume the number of cells in the system is infinity. There are
1; cells 5-7 belong to switch area 2. We also denote the cellstaro types of processing by the network in the multiple AS envi-
the boundary of switch area as boundary cells. Here, we do motbment, one for rerouting the traffic path by the AS and another
assign all boundary cells as rerouting cells. for searching the NCN when the mobile is ready to roam from
If a mobile roams within a switch area and never comes tme switch area to another. Here, we define two processing mea-
the boundary cells, the operation is the same as that describeslires:.. for the processing load of searching the NCN, and
the previous section. When the mobile handoffs from one switbtr the traffic path rerouting by the AS
area to another, the operation is a bit different from that in linear
case. When it comes to a boundary cell, a signal is sent to findp, =
out the nearest common node (NCN) between the AS’s of the
current and new switch areas, and then setup a SVC betweenthg, =
NCN and the AS of the new switch area. If the mobile goes on to
the new switch area, the existing traffic path between the NCThe following variables are also defined:
and the mobile is forced to be rerouted. If the newly entered; average of occupied number of SVC’s connecting the
cell is a rerouting cell, the new path only consists of the newly base station in cell to its AS;
established SVC and a PVC between the AS of the new switnpi number of required PVC’s connecting base station in cell
area and the base station of the new cell. If the new cell is an i to its left neighboring cell;

number of handoffs requiring NCN search

total number of handoffs
number of handoffs requiring traffic path rerouting

total number of handoffs
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ny,; ~ nhumber of required PVC'’s connecting the base station of TABLE I
cell i to its right neighboring cell; COMPARISON OFDIFFERENT SWITCH AREA SIZES

ng;  number of required PVC’s connecting the base station of Syitch area | p. 7 | SVC | PVCIL | PVC2 | total
cell i to its AS; s=3 0.333 ] 0.667 | 9.79 [ 28.67 | 12 |50.46

N, average of occupied number of SVC’s by mobiles in one s=T 0.143 1 0.428 | 12.24 | 2243 | 21.14 | 55.81
cell connecting the base station of the cell to AS; s=14 007 | 036 | 13.23 ) 18.36 | 31.71 | 63.3

s=24 0.04 | 0.29 | 13.67 | 16.37 | 34.5 | 64.54
5=00 0 0.25 | 14.1 | 14.25 37 65.35

N,1 average of required number of PVC’s connecting a
rerouting cell to the AS per cell;
N,> average of required number of PVC’s connectingeon
cell to its neighboring cells per cell. move on to cell 23. As cell 23 is a rerouting cell, so the holding
Now we derive the expressions for these variables. Considiene for this PVC is/;. Similar to the derivation before, we have
a switch area with cells. The mean handoff call arrival rate of o -
acell is);,, as explained before. We assume that a handoff call pr= (AR E[T1]) Pzz/anQ' '
is from the left or right neighboring cell with the same proba- Zf}ézz (M E[T1]) /5!
bility. Consider the right boundary cell of a considered switch J=0 )
area, which is cell 23 of the switch area 1 in Fig. 13. Only the When a call handoffs from cell 23 to cell 22, a PVC con-
handoff calls from the left neighboring cell need to search thigcting cell 22 to cell 23 is seized by this call. Then the mobile
NCN between the current and new AS'’s. For the handoff calisay move on to cell 21. As cell 20 is a rerouting cell, so the
from the right neighboring cell, for example, handoff calls fronholding time for this PVC ig,. Then we have
cell 24 to cell 23, as when the mobile is in the previous cell, cell ()\;LE[TQ])";ZZ/n;QQ!

(16)

24, the NCN has been found out between the two AS’s, it is not pf= - (17)
necessary to perform that again when the mobile comes to the Tp22 .
considered cell. There is a similar scenario to the left boundary Z (AnE[13])7 /5!
cell. So the mean handoff calls of the switch area requiring NCN J=0
searchis only2 x A, /2. The NCN search processing load is  Now we have
2 ) n—1
De = n)i} Z s
1 N, = =2 (18)
=—. (12) n
n
Given the system parametérthere aren = [(n+d—1)/d] n—1
rerouting cells for a switch area with cells. So the rerouting Z Npia
processing load is Ny = i=0 (19)
n
- m)\h
Pr= -
m -
=2 (13) > (nl+n1)
o : . Npp = =0 (20)
The derivations fotV,, N,;, and N, are a bit more compli- n

cated. Here, we give an example to show how to do it. ReferringTable Il shows the numerical results, given the new call
to Fig. 13, assume = 24 andd = 4. The VC requirements for arrival rate is 11.9 calls per minute per cell, the mean call
cells 1-19 are the same as cells with one AS case. So only Huding time is 2 min, the new call blocking probability is 1%,
requirements for cells 0, 20, 21, 22, and 23 need to be deriveite handoff call blocking probability is 0.1%, and the mean cell
As an example, we derive the VC requirements for cell 22. sojourn time is 1 min. It can be seen that the processing load
If a mobile in cell 22 initiates a call, a SVC is captured fofor NCN search is only affected by the size of switch area. The
this call. Then if the mobile moves left, as cell 20 is a reroutingain trend of processing load for path rerouting decreases as
cell, the holding time for this SVC i%3; if the mobile moves the size of switch area increases. A similar scenario can also
right, again as cell 23 is a rerouting cell, the holding time fdse observed in VC requirement. When the size of switch area
this SVC isT}. So the average captured SVC’s for cell 22 is is less than the system paramefierthe performance is only
affected by the size of switch area. When the size of switch
ns22 = Ao(1 — po)(E[T2] + E[T1])/2 area is larger, the processing load for path rerouting and VC
requirements are affected both by the switch area size and
where) is the mean new call arrival rate apglis the new call system parametef. So when switch area size is large, we can
blocking probability. appropriately choose the system paramétiermake a tradeoff
As cell 22 is an ordinary celh,, = 0. We now derivenjm. between the processing load and path efficiency to keep both
When a call handoffs from cell 21 to cell 22, a PVC connectiniipe processing load low and the path efficiency high. Similar
cell 22 to cell 21 is captured by this call. Then the mobile magcenarios can also be observed in planar environment. That is,
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when the switch area size is large, by carefully choosing the¢; multiplied by the probability that the first handoff is suc-
system parametet, we can keep both the processing load lowessful, i.e.,
and path efficiency high.

HR
= _— ]_ —
@2 =q R+ i ( Ps)
2
V. CONCLUSIONS ) < [iR ) {1 ~ pir(l —pf)} .
In this paper, an efficient handoff scheme for wireless ATM 13- 30 13 253 13V

networks is proposed. In this scheme, all cells are connec1i_eq| ina th derivati h

to its neighboring cells and the AS by PVC’s and SVC's, re-C owing the same derivation, we have

spectively. PVC'’s are used for handoff calls, while SVC’s are

used by new calls. Rerouting cells are evenly spaced in the net- Ziv1 = ¢i(1—py)

work. If amobile roams to a neighboring ordinary cell, its traffic

path is simply elongated by the PVC connecting the old ard

new cells. If a mobile roams to a rerouting cell, its traffic path ‘

is rerouted to the rerouting cell. By using PVC'’s for handoff el WR ! pr(l—pg)

calls, we can guarantee the handoff process to be fast and seam- % = (1 —ps) < ) {1 B } ’
' MR+ Has [15: 30 15,

less. Also, by path rerouting, we can dramatically improve the

path efficiency. Suitably selecting the hop limiting parameter

allows most handoff calls to be handled by the involved base ACKNOWLEDGMENT
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