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Analysis of a Hierarchical Cellular System with
Reneging and Dropping for Waiting
New and Handoff Calls

Cooper ChangStudent Member, IEEEChung-Ju ChangSenior Member, IEEEand Kuen-Rong Lo

Abstract—In this paper, we analyze a hierarchical cellular in a hierarchical architecture [3]. Yeung and Nanda pro-
system with finite queues for new and handoff calls. Both the posed a macrocell/microcell selection strategy, which can

effect of the reneging of waiting new calls because of the callers’ ; ; ; 4
impatience and the effect of the dropping of queued handoff dynamically adjusted the velocity threshold, for a two-tier

calls as the callers move out of the handoff area are considered. Microcell/macrocell cellular system to increase the traffic load
besides the effect of guard channel scheme. We successfully solvef the system [4]. Rappaport and Hu proposed an overflow
the system by adopting the multidimensional Markovian chain scheme for hierarchically communication systems to reduce
and using the transition-probability matrix and the signal-flow the blocking probabilities of both new and handoff calls [5].

graph to obtain the average new-call blocking probability, the = A} 16 ahove studies did not consider the buffer provision for
forced termination probability, and the average waiting time of

queued new and handoff calls. We further investigate how the the hiergrchical celll.u.lar system. .
design parameters of buffer sizes and guard channel numbers in  Blocking probabilities of new and handoff calls are impor-
macrocell and microcells affect the performance of the hierarchi- tant performance indexes in designing cellular communication

cal cellular system. The results show that provision of buffering systems. Buffer provisioning for new and/or handoff calls can
scheme and guard channel scheme can effectively reduce the new-

call blocking probability and the forced termination probability reduce the blocking prOb,ab'“ty of new and/or _handoff call
in the hierarchical cellular system, and the effectiveness is more attempts [6]-[11]. Queueing for handoff calls is necessary

significant in the macrocell than in the microcells. since the terminal spends time, nantezhdoff-dwell timgin
Index Terms—Buffering scheme, dropping, guard channel the ha_ndOﬁ area. Queu?lng for_ new calls is pOSS'bI_e 9“{9 to
scheme, hierarchical cellular system, reneging. the patienceof users. Gefin considered a system with infinite

new-call buffer size, but neglected the reneging of the queued
new call [8]. Hong and Rappaport proposed an appropriate
analytical model and derived performance measures for a
NE OF THE important engineering issues in cellulagellular mobile telephone system with infinite queueing of
communication systems is to improve spectrum effhandoff calls [7], [9]. We studied a system with finite queues
ciency because teletraffic demands for wireless communidar both new and handoff calls and took reneging and dropping
tions services are increasing. Microcell systems can be givemcesses into consideration [10]. Because blocking of new-
more channels per unit coverage area than macrocell systeya attempts is more tolerable than forced termination of
so that the spectrum efficiency of microcell systems is bettengoing calls, guard channel scheme for handoff attempts was
than that of macrocell systems. However, microcell systemago proposed to minimize the blocking probability of handoff
are not cost effective in areas with low-user population densigglls. Zenget al. considered a system with finite queues for
due to base-station building cost; they are also not suitable fth new and handoff calls, but neglected reneging of waiting
high-mobility users with large handoff rate. Therefore, cellulafew calls [11].
systems with hierarchical structure were proposed to takeln this paper, we analyze a hierarchical cellular system
advantages of both microcell and macrocell systems [1]-[Slith finite queues for both new and handoff calls. Overlaid
Rappaportet al. proposed an early personal communicanicrocells cover high-teletraffic areas to enhance system ca-
tion network with a radio link architecture that combinepacity. Overlaying macrocells cover all of the territory to
both centralized and distributed control to provide a lowgrovide general service in low-teletraffic areas and to provide
cost mobile radiotelephone service [1]. In [2], Steele anghannels for calls overflowing from the overlaid microcells.
Nofal proposed a priority handoff scheme in a hierarchic@yard channels and waiting queues are provided for handoff
personal communication system to reduce the forced t@gis to minimize the forced termination probabilities; waiting
mination probability of calls. let al. studied the spectrum gyeyes are also supported for new calls to reduce the new call
sharing strategies in terms of maximizing network capacipjocking probability. Buffered handoff calls are given service
Manuscript received May 7, 1997; revised October 9, 1997. This work ng’iority higher than buffered new calls because interruption
supported in part by the National Science Council, Taiwan, R.O.C., undef ongoing calls upset customers more than blocking of new
NSC Contract 85-2213-E-009-006. calls. Reneging process of waiting new calls and dropping
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Fig. 1. A typical macrocell N microcells and an overlaying macrocell.

Analysis is via a multidimensional Markov chain approach. The system model of a typical macrocell is shown in Fig. 2.
The state probabilities are obtained by using state-transitidhe ith cell, 0 < i < N, supportsC; channels and reserves
equations since the system possesses a quasi-birth—deathof C; exclusively for handoff requests of ongoing calls
Markovian property [12]. We successfully derive the renegingjom other cells. Cell: also provides two waiting queues
probability of waiting new calls by using dransition- with capacitiesV,,; and N;,; for new calls and handoff calls,
probability matrixapproach. The transition-probability matrixrespectively.
is composed of one-step state-transition probability of the The channel assignment schenoé the macrocellis de-
system, which can be used to find multistep state-transitiggriped as follows.
probability by matrix multiplication. Via some substitution and 1) For a new call originating in the macrocell-only region,

dherlvat|on, the trans!tloE-probabmty mgmx gppro?ch can fur- it will be served immediately by macrocell 0 if at its
ther be used to obtain the average waiting time of queued new arrival the number of idle channels in macrocell 0O is

calls, and the performance measures of handoff calls are also larger than the number of guard channélg,. If the
obtained by signal-flow-graph approach. Moreover, we heuris- number of idle channels is not greater th@gp, and the
tically define a cost function to investigate the optimal guard new-call queue in cell 0 is not full, the caIIL will be put
channel pattern of the system and the suitable queue sizes for . L '
. . . in the queue. Otherwise, it will be blocked.
both new and handoff calls in the hierarchical cellular system. Lo . .
. . 2) For a new call originating in the overlaid microcell
The rest of the paper is orgamzed as .fOIIOWS' Thg chanr)el 1,1 < ¢ < N, it will be served immediately by microcell
assignment strategy and basic assumptions for a hierarchical i7if a_tits_arri\,/al the number of idle channels in microcell
cellular system are presented in Section Il. In Section lll, we ter than th b f d chanr@is. If
derive the new-call blocking probability and waiting time, the :hls grea er" an ? Eum er % Suar_ ¢ a,n"b f.th
forced termination probability, and the handoff waiting time by € rl;ew (;gdlcanr?o T served by rrlllcgrqce u eh
the transition-probability matrix approach and the signal-flow gum ,’fr 0,"' € (i‘l annte S mdmbacroce d 's greater t I(Ijm
no, it will overflow to and be served by macroce

graph approach. In Section IV, an example of hierarchically , N }
overlaid cellular system with new and handoff queues is 0. If neither microcell; nor macrocell O can serve the

ilustrated and discussed. Finally, concluding remarks are New call, but the new-call queue of microcelstill has
given in Section V. waiting rooms, the call will be buffered in the queue.

Otherwise, the call will be blocked.
3) For a handoff call coming from neighborimgacrocell
Il. SYSTEM MODEL because of its high-mobility behavior, it will be directed

The hierarchical cellular system is assumed to consist of to macrocell 0 no matter in which cell the call is
macrocells, in which a typical macrocell has an overlaying in the neighboringmacrocell The call will be served
macrocell and its overlaid microcells. As Fig. 1 shows, the ~ immediately by macrocell O if there are free channels
overlaying macrocell, denoted by macrocell 0, has the cov- in macrocell 0. If macrocell 0 has no idle channels, but
erage area bounded by the outermost closed contour. The has free waiting room, the call will be buffered in the
overlaid microcell, denoted by microcel]1 < ¢« < N, has gueue; otherwise, the call will be blocked.
its own coverage area. The area outside microcells, named a4) For a handoff call moving from microcellto macrocell-
the macrocell-only region, is served only by macrocell 0. only region, it will be directed to macrocell 0. The
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Fig. 2. The system model for a macrocell.

5)

6)

7)

8)

9)

channel assignment scheme is the same as that for th©ther basic assumptions involved in the model are stated
handoff call in 3). below. The arrival process of new calls originated in the
For a handoff call moving from microcell to its macrocell-only region or microcell 1 < ¢ < N, is a Poisson
neighboring microcellj, it will be served immediately process with mean rate, or A;. The arrival process of handoff
by microcell j if at its arrival there are at least onecalls from neighboring macrocell is a Poisson process with
free channels in microceli. If microcell j has no idle mean rate\;,. The unencumbered session duration of a call,
channel, but the overlaying macrocell 0 has some frelenoted byT’, is exponentially distributed with meaty ..
ones, the handoff call will overflow to and be served byhe time spent in a cell by a mobile is named by cell-dwell
macrocell 0; otherwise, it will be put in the queue if thdime. The cell-dwell time associated with new and handoff
queue is not full or be blocked if the queue is full.  calls is assumed to be the same here. The cell-dwell time in
In each cell, the service priority for buffered handof€ell ¢, denoted byZ;, is exponentially distributed with mean
calls is higher than that for buffered new calls. That is,/p;, 0 < ¢ < N. The patience time of waiting new calls
whenever a channel is released and becomes availablecell ¢, denoted byZ;,;, is exponentially distributed with

in cell 2, 0 < ¢ < N, the handoff call buffered in the meanl/u,;. The handoff-dwell time of waiting handoff call
head of the line in celi has the first priority to use the to cell ¢, denoted byZ},;, has an exponential distribution with
idle channel; the buffered new call would not be serveaiean1/u;. The average fraction of handoff departure from
until the number of idle channels in célls greater than cell i to cell j is denoted byv,;;, where¢, j = 0 denotes the
the number of guard channels. macrocell-only region]l < ¢,j < N denotes the microcell,
For system operation simplicity, the overflow schemeand ¢,7 = D denotes the neighboring macrocell. Clearly,
is not applied for buffered new and handoff calls inv; = 0 if ¢ = j and Ef’zo a;; + o;p = 1. The system is
microcells. assumed to be homogeneous with the same assumption listed
The waiting new call in the queue may renege frorabove for all macrocells.

the system if it cannot access a free channel within its
patience time.

The waiting handoff call in the queue may be dropped ll. ANaLYsIS
by the system if it cannot access a free channel within o
its handoff-dwell time. A. The System-State Probabilities

10) When a mobile platform holding a channel of overlay- We define the system state for theacrocell as s =

ing macrocell 0 moves across any one of the microcellgio, vo, - - -, u;, v;, - - -, un, vy], Wherew; denotes the sum of
no handoff action is needed to take. the number of communicating platforms and waiting handoff



CHANG et al: CELLULAR SYSTEM WITH RENEGING AND DROPPING FOR CALLS 1083

calls, andv; denotes the number of waiting new calits,< Handoff Call Arrival:
i < N. The states form &N + 2)-dimensional sample space 3) Denotegs(

L T t,s) to be the transition rate from stateto
S, which is given by

state s as a handoff call comes from its neighboring

S ={s:s=[ug,vo, UiV, -, uN,UN] ma(?rocell. If macrocell 0 has. -free channels or has no
0<u; <Ci+ Ny, avallat_)le channel, but has waiting rooms for the handoff
calls, i.e.,t = [ug — 1,ug, -, un,vn], 1 < ug <
vi =0when0 <u; < C; —Cpi — 1 Co — Cho,v0 =0, 0r Gy — Cpo + 1 < ug < Co + Npo,
0 <v; £ Ny when C; — Cp; < uy < Gy + Ny the handoff call will be immediately served or queued by
for0<i< N} (1) macrocell 0 ands (¢, s) = A;,. Otherwise,gz(t,s) = 0.
4) Denotegy(t, s) to be the transition rate from stateto
We can obtain the limiting probability of state denoted state s as a handoff call arrives at the macrocell-only
by n(s), by solving the following stationary state-transition region from microcelli, 1 < ¢ < N. If case At =
equations: [ug — 1,v0, - -, u; + 1,05, -, un, vn], 1 < up < Co —
Z A(t)q(t,s) = 0, forallse S 2) Cho,v0 = 0,0r Co—Chro+1 < ug < Co+Npo, Or case B
pyape t = [ug,vo, -, ui +1,v4, -, un, N, w0 = Co+ Npo,
the handoff call would be immediately served or queued
and the probability conservation condition by macrocell 0 in case A, or be blocked by the system
Z (s) = 1 3) in case B. The transition rate in case A or case B would
= be qu(t,s) = (u; + 1)pico for 0 <y < C; — Oy — 1,
v; = 0,0rC;—Ch; <y < Ci—1,0rqu(t, s) = Cipricio
whereq(t, s), t # s denotes the transition rate from stateo for C; < u; < C; + Nyp; — 1.
states and g(s, s) denotes the transition rate out of state If case Ct = [ug — 1,v0, -, u,v; + 1, un, vn]
(J(Svs) can be obtained by andl < ug < Co — Cro,v0 =0,0rCo — Cjp+1 <
ug < Cy + Ny, or case Dt = [ug,vo, -, 1, v +
a(s,;8) == Y als1). 4) 1,--- un,on], wo = Co+ Nao, thé handoff call would
reS s be served or queued by macrocell 0 in case C and be
In the following, we determine the transition rag¢t, s) blocked by the system in case D. The transition rate
from statet to states = [ug, vo, - - -, u;, U5, - - -, UN, Un |, based in cases C or D would bes(t,s) = (C; — Chri)pictio
on the assumptions and statements 1)-10) of the channel for w; = C; — C;,0 < v; < N,; — 1. Otherwise,
assignment scheme adopted in the previous section. qa(t,s) = 0.
5) Denoteg;(t,s) to be the transition rate from state
New Call Arrival: to states as a handoff call arrives at microcejl

1) Denoteq,(t,s) to be the transition rate from state from microcell 7, 1 < ¢,j < N. If case At =

2)

to states as a new call originates in the macrocell- [0, vo, -+ i + 1,03, -1y = Lwg, - uy, on], 1<

only region. If macrocell 0 has free channels for the
new call, i.e.,t = [up — 1,vo, - -, un,vn], 1 < up <

Cy — Cho,v9 = 0, the call would be served immediately
by macrocell 0 and the transition rateds(z, s) = Ao.

If macrocell 0 has no available channel for the new
call, but has waiting rooms in the new-call queue,
i.e., t = [U,o,vo —1,--- ,U,N,UN],CO — ChO < u <
Co+Npo, 1 < vg < Ny, the new call would be buffered
in the new-call queue andg,(¢,s) = \o. Otherwise,
QI(tvs) = 0.

Denote ¢2(t,s) to be the transition rate from state
to states as a new call originates in microcelll <

1 < N.Ift = [U,o,vo,"',ui - 1,1}7‘,,"',U,N,UN],1 <
uw; < C; — Cy,v; = 0, the call would be served
immediately by celli and ¢:(¢t,s) = A. If t =
[U'O - 17U07"'7uivvi7"'7ul\’7vl\’]7ci - Chi < u <

C; + Nhi7 1 <ug <Cy— Cho,vo = 0, the call would
overflow to and be served immediately by macocell
0 and g=(t,s) = N. If t = [ug,vo, -, u;,v; —
Loun,on], G — O < uy £ 034 Npgy 1 vy <
Npi, Co — Cro < ug < Cy + Ny, the call would be
buffered in the new-call queue of celindg. (¢, s) = A;.
Otherwise,gx(t,s) = 0.

U5 < Cj—Chj,Uj =0, Oer—Chj—i-]. < U5 < Cj, case
Bt:[U/o—].,vo,'",U,i—|—1,vi,'",U/j,?/j,"',U,N,UN],
1 € u £ Cy— Croyvg = 0, or Cg — Cho +
1 < u £ Cp, Oj < U < Oj—l—Nhj, case C

t= [U'Oav()a"'aui+1avia"'auj_1avja"'au/\7av/\7]a
Co < ug < Co+ Ny, Cj—i-]. < U5 < Cj—i-Nhj, or case
Dt = [U'07U07"'7U'i + 17Ui7'"7U'jvvj7"'7U'NvUN]7

Co < ug £ Cy+ Nig, u; = Cj + Ny, the handoff call
would be served immediately in microcglin case A, be
overflowed to and be served by macrocell 0 in case B, be
queued in microcellj in case C, and be blocked by the
system in case D. The transition rate in all these cases is
gs5(t,s) = (ui +1)pia; for 0 < uy < Ci—Cpy—1,v; =

0, or C;, — Ch; < u < C; — 1, qs(t,s) = C7LL7C¥7J

for ¢; < w; < C; + Ny; — 1. If case E,t =

[U'07U07"'7U'i7vi+17"'7U'j - 17Uj7"'7u1\’71}1\’]7 1 S
U < Cj—Chj,Uj =0, Oer—Chj—i-]. < U < Cj, case
Ft= [UO_LUOv'”7uivvi+17"'7U'jvvj7"'7U'vaN]7

1 <y € Cy—Cho,vg =0,0rCy—Cho+1 <
ug £ Co, C5 < u; £ C; + Nyy, case Gt =
[uo,vo,---,ui,vi—i—l,---,uj—l,vj,---,u;\r,v;\r],C’oS
up < Co + Nig, C5 +1 < u; £ C; + Ny, or case
Ht = [uo,vo,---,ui,vi =+ 1,---,uj,vj,---,u;\r,v;\r],
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Co £ up £ Cy + Npo, uj = Cj + Ny, the call can be expressed as

would be served immediately by microceil in case

E, be overflowed and be served by macrocell 0 in case

F, be queued in microcell in case G, or be blocked q(t, s) = Z a(t;5). (5)

by the system in case H. For all these cagg§,, s) = =t

(Ci — Cri)picyy for u; = C; — G, 0 < vy < Ny — L

Otherwise,gs(t, ) = 0. B. The Performance Measures
1) Average New-Call Blocking ProbabilityHere, blocking

of new calls in the system occurs in two situations. One is

Reneging (Dropping) of New (Handoff) Calls: that, at the arrival instant of the new call, the system has no

6)

7

Denotegs(t, s) to be the transition rate from stateto available channel and waiting buffer; the other is that although
states as a new call reneges from the new-call queube new call is temporarily accepted and put in the new-call
of cell £,0 < k < N. If t = [ug,vo,--.up.vx + CUEUE, it finally reneges from the queue due to impatience. For
1, un,vn], Cp — Crp < up < Ci 4+ Npp, 0 < o, < @anew call originating in the macrocell-only region or microcell
Nnx — 1, denoting that there are waiting new calls iri, the set of system states that belongs to the first situation,
the new-call queue of ceR, the transition rate would denoted byBy or B, 1 < i < N, can be expressed as

be gs(t, s) = (vr + 1)pink. Otherwise,gs(t, s) = 0.

Denoteqg-(t, s) to be the transition rate from stateto By ={s:s € S,ug 2 Co — Cho,vo = Nyo} (6)
states as a handoff call is dropped from the handoff-call B ={s:s € S,u; > C; — Chs,up > Co — Cho,
queue of cellk,0 < &k < N. If t = [wo,vo, -, ux + v = Ni}. @)

Lvg, - un,on), O < up < Cr + Ny — 1, the
transition rate would be;(t,s) = (ux — Cr + 1) peps

x And the set of system states at which an originating new call
Otherwise,g-(t,s) = 0.

joins the new-call queue of macrocell 0 or microcelienoted
by Qf or @7, 1 < i < N, can be expressed as

Handoff Call Departure:

8)

. QSI{S:SES,U()ZCO—C}L(),OSUoSNno—l} (8)
Denote gs(¢,s) to be the transition rate from state .,
t to states as a handoff call departs from cell, @ ={s:5 €5, 2 C; = Cniy 0 S 03 < Nni — 1,
0 < k < N, to its neighboring macrocell. 1# = ug > Co — Cho, }- 9
[wo, Vo, * -+ s up + L, up, -+, un, on], 0 < up < Cp — 1,
denoting that the handoff queue of cklhas no waiting Thus, the blocking probability of a new call originated in
handoff calls as the handoff call departure from dell macrocell-only region or microceil denoted byP; or Pp,
occurs, the transition rate would hg(t,s) = (u, + respectively, can be expressed as

Dppoap. If ¢ = [ug,vo, -+, up + 1, vk, -+, un, vN],

Cr < up < Cr + Nup — 1, denoting that cells has  Pg, = > w(s)+ > w(s)Ri(s), 0<i< N (10)
waiting handoff calls as the handoff call departs from s€By s€QY

cell k, the transition rate would bg(t, s) = Cyprop.

If t = [uo,vo, - ups vk + 1, un, un],up = Cp — where R(s) is the reneging probability of a waiting new

Chi,0 < v, < N, — 1, denoting that the numbercall in cell z given that the system is at stateas it just

of available channels equals to the number of guaddrives. We use a quasi-system state to describe the transition

channels in cellt as the handoff call departs fromprocess of a waiting new call and a transition-probability

cell %, the transition rate would bes(t,s) = (C,, — Matrix method to obtaink}’(s). The derivation ofR7(s) is

Chr)pcrp. Otherwise,gs(t, s) = 0. given in the Appendix A. Therefore, the average new-call
blocking probability of the system, denoted B, can be
intuitively obtained by

Call Completion:

9)

Denotegy(t, s) to be the transition rate from stateto zj\: \. . pn

states as a call is released in cell,0 < k < N. If i B;

t = [ug,vo, -, up + 1,0k, -+, un, vy], the transition Py = ’_ON (11)
rate would begy(t,s) = (ux + L)p, for < /t > Z)‘f

0w £ Cp —Cpgp—Livg = 0,0r Cp — Cppe < e

up < Ck - 170 < v < Nnk7 or Q9(t73) = Ckuv
for Ch < up < Cp + Nppy — 1,0 < v < Ny If 2) Average Waiting Time of Queued New Calldere, we

t = [ug,v0, " ,uk, s + 1,---,un,vn],ur = Cr — only consider the average waiting time of queued new calls
Chi, 0 < v, < Ny — 1, the transition rate is given by which_can successfully access a free channel before reneging.
go(t,s) = (Cx — Cpi)p. Otherwise,go(t, s) = 0. Let W, (s) denote the average waiting time of a queued

Then ¢(¢,s) can be obtained by summing up allnew call which joins in celli as the system state is af
possible transition rates from stateo states, which 0 < ¢ < N. The average waiting time of a queued new call
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in cell ¢, denoted by, ,
> w(s)(1 = RP(s)W; ()
sEQY

TN - R

s€Q}

can be obtained by

T3

0<i<N. (12

@ ?

And the average waiting time of the system, denotediby,
can be obtained by

S 9h | X e - mpe)| W
L (13)
Y | X ) - Ris))
i=0 sEQT

In the derivation of W, (s), as in the Appendix A, we

use quasi-system state for celto describe state transitions

of the queued new call. Denote(z,y) to be the average
holding time at quasi-system stateunder the condition that
the quasi-system transits to quasi-system sjai8learly

1

R ACED

zeSN

Oz, y) = (14)

whereS} is the set of quasi-system states afjdzr, ) is the
transition rate from quasi-system statéo quasi-system state
z. The definitions ofSY and ¢’ (z, 2) are given in (A.3) and

(A.13), respectively. For a queued new call which is initiated

at quasi-system state (s zp) and transitsk steps, via
transient states;,1 < j < k — 1, to service state;, (the
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k

H Doz ST (5-1,2))
7 7

ot

i

6=0
o 1P >
k=1 21,2k 1€AF z€(A;—{¥})
k
H pz; 125 6w(Zj717Zj)) (16)
=1 6=0

and the term within the square bracket of (16) is given by
substituting the matrix elemept,,, in (A.12) with p,,,*“®¥),

it can be obtained. Therefore, the average waiting time in (15)
is yielded.

3) Forced Termination Probability:There are three kinds
of handoff attempts in the system. The first is the handoff
arriving at the overlaying macrocell 0 from adjacent macro-
cells, the second is the handoff arriving at the macrocell-only
region from microcelk, and the third is the handoff arriving
at the microcell; from microcelli, 1 < ¢,7 < N.

Failure of a handoff call coming from its neighboring
macrocell occurs in two situations. One is that the handoff
call is blocked at its arrival, the other is that the handoff call
is temporarily buffered in the waiting queue, but is dropped by
the system because the mobile moves out of the handoff area.
The sets of system states belonging to these two situations are

denoted byB} and Q%, respectively, which can be given by
Bl ={s:s € S,uo = Co+ Nio} (17)
I{SISES,COSUOSCO—FN}L()—].}. (18)

service statey, is a state at which the call will be served bygecause the handoff arrival rate from neighboring macrocells

the system andy, € A; — ¢, which is defined in the Appendix js assumed to be uniform, the handoff failure probability,
A), the average waiting time of this transition path woul@enoted byP?%, can be obtained by

be ¥*_, @(z;j_1,7;) and the transition probability would be
Pl = Z 7w(s) + Z

I pa, 2 ThereforeJ¥; (s) can be obtained by (15), given

at the bottom of the page. Note that, ... ., _,c4; disappears s€ Bl s€Qk

as k = 1. The denominator in (15) is equal tb— R*(s)

because it denotes the probability that the queued new cafiere R (s) is the dropping probability of a queued handoff

can be successfully served. As for the numerator, since  call in macrocell 0 given that the system is at states it
n just arrives. We also use quasi-system state to describe the

transition process of a queued handoff call and the signal-
Pt ieAs se(ho{uh) flow-graph method to obtai®%(s). The derivation ofR%(s)
L L is given in the Appendix B.
H ij-le Z w 7.1 177]
| i=1 j=1

w(s) Rl (s) (19)

Z1,0e

Failure of a handoff call coming from microcell to
macrocell-only region occurs also due to being blocked imme-
diately or being dropped from the queue. Because the handoff
arrival rate is proportional to the number of communicating
users in microcelk, we definewr;(s) = Prob{system is in
states| a handoff attempt from microcelloccurg. 7;(s) can

z:;z

210,21 €AS

do

z€(Ai—{v})

'?:1>

2. 2.
21 CAS 2, C(A; —
>, X

k=1 z1,,zp_1CA] ZkC(A

7
k=1 Z1,

k
Pz 14]] Zw(zj—l’zj)
j=1

1

{¥}) J

W, (s) = lim

n—oo

(15)

k
H Dzj_14

i=1

(¥}
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be expressed as And the forced termination of an arbitrarily selected call
originated in microcelk, denoted byP%, can be obtained by
hi(w;) - m(s)
Ti(s) = =~ = (20)
Z hi(wi) - m(t) 4
tes P =0; S aip - [P} + (1 — Pp) - PP
where , , .
u;, if u; < C; + o - [Pig + (1 — Pyg) - Ppl
' e + >y [P+l Py
Thus, the handoff failure probability from microcell to J=1,j%i

macrocell-only region, denoted by, can be obtained by

Ph= > m(s)+ Y_ m(s)Ri(s). (22)

seBl seQh

+ (1= Pj = T};) - Pyl (29)

whereTfj is the overflowing probability for a handoff attempt

Handoff failure of a call coming from microcelt to _ i to mi i Th flowi babilit
microcell j occurs also in two situations. They are bein ?m microcet 10 mICTocell;. The overtiowing probabiiity
‘. can be obtained by

blocked immediately and being dropped from the queue. Thes
sets OI system gtates belpnglng these. cases are denotéj%i by h Z ri(s) (30)
and @7, respectively, which can be given by i @
SEVJ."
Bl ={s:s€ S u; =Cj+ Nuj,ug > Co}  (23)
Q' ={s:5€8,C; <u; <C;+Np,; — 1 whereV/* is defined as the set of system states at which the
T >’CJ - ! ’ (24) handoff attempts from microcellto microcellj will overflow
uo > Co}. to macrocell 0.V}* can be expressed as

Because the handoff arrival rate is proportional to the number N
of communicating users in microcel| the handoff failure Vit ={s:s €S u; 2 Cj,up < Co — 1}. (31)

probability, denoted b)Pi’;, can be expressed as ‘ ) ) ]
Py can therefore be obtained by solving the set of linear

PZ} - Z mi(s) + Z m(s)RJ’f(s). (25) equations shown _in (_29). -
scB" seQh The forced termination probability of the system, denoted by
’ ’ P, can be obtained by averaging over the forced termination
Once a call is served by macrocell 0, the call will handoffrobability of a call which may originate in the macrocell-only
only to neighboring macrocells with a handoff requirementgion or microcell of the systemPr is given by (32) at the
probability, denoted by,. © is defined as and given by  bottom of the page, wher&? is the overflowing probability
of a new call originated in microcedl T can be expressed as

O = Prob{T > Ty} = “j . (26)
po + 1
- "y =Y () (33)
And the forced termination of an arbitrarily selected call sev

originated in macrocell-only region, denoted 3§, can be
obtained by whereV;™ is defined as the set of the system states at which the
PO o0 [Ph 1 (1 Phy. po new call attempts originated in microceltan overflow to and
F 0 [®D J;(h D) Lrl be successfully served by macrocellQ? can be expressed as
04 p

T1-0,-(1-Ph)

27
( ) VinI{S:SES,UZ‘ZCZ‘—C}”‘,UOSCO—C}L()—].}. (34)

Similquy, lthe ha.ndoff requirement prqbability of the call 4) Average Waiting Time of Queued Handoff CalBimilar
served in microcell, denoted byd;, 1 <4 < N, is defined y; tho case of new calls, we only consider the average waiting
as and given by time of queued handoff calls which can successfully access a

©, = Prob{T > T} = fi 28) fr_e}eLz channel before moving avyz_;\y frgm the handoff area. Let
Hi + W, (s) denote the average waiting time of a queued handoff
N
(1= P50~ PR+ > [XPA - PR+ (1= Y7 — PE)A; - Ph]
Pp = = (32)

> (1 -PEN

=0
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call which joins in celli, 0 < ¢ < N, at the instant when the o
3 —h ) E N 0, C1,C2)=(32,14,
system state is at. W, (s) can be obtained by EN B — | oM Ne=0.00) (crocmc- O3
102 PE | (Mo Nt Na2j=(0,0,0) (0,0,0)
2] F 2,0,0) o
—h 1 = r ¢
- (35) = "R
Z Cip 4 i) + (my — Ci + D) £ 3
m;=C; < .
'_g 10 5 ;
Let A%(s) denote the handoff arrival rate impinging on cell & m_,; ]
at the instant when the system state is.aA’(s) is given by
10-sf 2,0, 4
N
Mt hi(u)usego, i i=0 T o
Alsy=4¢ 7 (36) .
. New Call Arrival Rate : Ax (calls/sec)
Z hj(uj)ujaji, if 1<i<N.
Gk Fig. 3. The probabilities”; and P+ versus new-call arrival rate,, for

various guard channel pattet@'q, Cp1, Ch2).
The average waiting time for handoff calls of the system,

— .
denoted byl¥ ', can therefore be obtained by 4 T ,
(Co,C1,C2)=(32,14,14)
~ 35} (Nno,Nr1,Nn2)=(0,0,0)
; , —h IS (Nno,Nn1,Nn2)=(0,0,0)
Z D w(s)Al(s)(1 = Rl(s)) - W (s) E sl
=0 I3
Wh = SEQ B (37) S 25k ve'rsux Cri and Crz fad
3 with Cro=0
S 3 e - R I
1=0 scQh =~ 1 . -
‘ 2 o e
8 .............................. versus Ciwo with Cu=Cr=0
IV. NUMERICAL EXAMPLES AND DISCUSSIONS s
In the following examples, a typical macrocell in a os . ; s .
[} 1 2 3 4 5

hierarchical cellular system is considered to contain one

overlaying macrocell and two overlaid microcells. We

assume the following system paramete(€l, C1, Co Fig. 4. The cost functiod versus the number of guard channel for various

(32,14,14), (1/p) = 100 S, ((1/pmo). (/). (1/p2)) = Cro O ot (Cuz):

(225,150,150) s, ((1/pno), (1/pn1), (L/pn2)) = (5,5,

S, ((1/pn0), (1/p1n1), (1/ pin2)) = (10,10,10) s, enforce the overflow mechanism and consequently induces

(10,12, 00p) = (0.2,0.5,0.3), and (a0, 21, c0p) = Mmuch deterioration o#; and.Pr. Therefore, in a hierarchical

(0.2,0.5,0.3). The new-call arrival rate in each cell is set taellular system with overflow scheme, provision of guard

be the samel; = A\; = M. We use an iterative method tochannel scheme in microcells will deteriorate both new-call

numerically compute the state probability of the system ariocking probability and the forced termination probability of

show the effects of guard channels and queue capacitiestltf system.

new and handoff calls on the system performance measures.Because interruption of handoff calls upset customers much
Fig. 3 shows the average new-call blocking probabilty more than blocking of new calls, we heuristically define a

and the forced termination probabilith> versus the new- cost function of overall blocking probability, denoted 153

call arrival rate of the system\,, for various guard-channel to evaluate the quality-of-service of the systebhis given by

patterns, where\, = Ao + A1 + A2, (Nno, Np1, Np2) = . n

(0,0,0), and (Nyg, Np1, Np2) = (0,0,0). It can be seen that B=CPp+(1-¢)-Pp (38)

as (0 increases Py increases and’y decreases, while aswhere( is a weighting factor to express the stressif and

Cr1 andCy,; increase, botlPy and Pr increase. Usually, the Pr laid on the quality-of-service) < ¢ < 1. Fig. 4 shows

guard channel scheme for handoff protection would improvtke cost functionB versusCjy asCy; = Ch2 = 0 (depicted

the forced termination probability, but deteriorate the neviby the solid line), andB versusCh; and Cra (Chi = Cha)

call blocking probability. The reason why bo#y; and Pr asCjo = 0 (depicted by the dotted line), faf = 0.2, given

deteriorate as’;,; and C),» increase is due to the overflowthat ),, = 0.4455 calls per second. We observe that the dotted

scheme of the system. The overflow scheme provides a nkwe B increases monotonously é%,; and Cy2 grow up, but

or handoff call impinging on a microcell an alternative ofhe solid lineB has a minimum value at}o = 2. This result

being served by macrocell 0 as the microcell has no fréells us the macrocell needs reservation of guard channels for

channel to access. The probabilities of new-call blocking améndoff protection, and the optimal guard-channel pattern for

handoff failure in macrocell 0 are consequently much largére hierarchical cellular system (€;,0, Ci.1, Ci.2) is (2, 0, 0),

than these probabilities in microcells, and therefore the formeith ¢ = 0.2.

probabilities play dominant roles i’y and Pr. Also note Fig. 5 shows the probabilitie®?} and Pr versus A,

that the increment of guard channels in microcells wouldr different queue-size patterns of new calls, where

Guard Channels for Handofl Calls Cro or Caz (Ch2)

) =
)

N7 AN
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1071 101 . . =
E [ps | (Cocrea=(32.14.14) E P _ (Co,C1,C2)=(32,14,14) 3
F B (Cho,Caz,Cr2)=(2,0,0) o B 77| (Cho,Crt,Cn2)=(2,0,0) 3
10"; PF """ (Nno,Nn1,Nnz)=(1,1,1) 10-2g [FF 7T | (Nn0,Nut,Nu2)=(2.1,1) E
f::wj E 3 -
; [ Nt Not, Noz)= " » . o
= 10-3p (Nno, (010 0)2) ....... O 103k (NaoNapNwy= "“”“”,mmm i
2 F 7 = E (0,0,0) e gt 3
F (0,1,1) = £ o T 3
E - " B o (0.1,1) it p
o 10 (1.0,0) F ot (1.0,0) 0,0,0) E
a9 E (L) | _ ) E (4,4,1) Lo,1,1) 3
r (2,0,0) 5: F (2,0,0) ]
10-5E (21,1)" ann (0.0,0) 105k 2.1.1) E
F N\ (200 E . fx(z)[z)j 3
sl (1,1,1) T g, E
107 (1.0,0) 107tk (2,0,0) E
E 3 (2,4,1) E

10-7 u N 10-7L .

0.2 0.25 0.3 0.35 0.4 0.2 0.25 0.3 0.35 0.4

New Call arrival Rate : A (calls/sec) New Call Arrival Ratc : A» (calls/sec)
Fig. 5. The probabilitiesP7; and Pr versus new-call arrival rata,, for

various queue-size patterns of new callno, Nyt Nn). Fig. 7. The probabilities”}; and P~ versus new-call arrival rate,, for

various queue-size patterns of handoff c&ié,q, Np1, Np2).

. o8 .
R (Co,C1,C2)=(32,14,14) .
~ (Cro,Chi,Ch2)=(2,0,0) —~ o7s ;go,cév,czc{:()jz(,zzg, {;}1) |
. L (Nno,Nni,Ni2)=(1,1,1 4 o Chro,Ch1,Cr2)=(2,0,
&g o7sp e N=(LLD é (Nn0,Nu1,Nn2)=(2,1,1)
: ~
g = us d Niz with Nio=0 3
Ra) o7k ] p 0.7¢ versus Nut and Niz with Nwo=
Q
g .2
> versus Nu and Nn2 with Nno=0 5
T N | S 065 |
- .
4 =
S £
@x -
0.6 Z2 os
versus Nu with Nar=Nu=0 v versis Nio with Nu—=Niz=0
0.55 - . L ; 055 p
o 1 2 3 4 5

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Qucue Size for Handoff Calls Nao or Nar (Nn2)

Queue Sizes for New Calls Nno or Nai (Nn2)

Fig. 6. The cost functiorB versus queue sizes for new céll,o or Ny,
(Nn2). Fig. 8. The cost functionB versus queue sizes for handoff ca¥l,, or
Nut (Npa).

(ChOaChlaChQ) = (2a0a0)a (NhOaNhlaNhQ) = (1a 1, 1) We
find that the increment of new-call queue sizes in each cém that of new calls. The increments 6f,; and N2 have
induces improvement of%, but deterioration oy, and the almost no effect on the performance measures. It is due to
improvement ofP% is more significant than the deterioratiorthe overflow scheme of the system as mentioned before. The
of Pr, for all traffic loads. Both the improvement oR% saturation of Pg and Pr as the queue sizes of handoff calls
and the deterioration o’» become saturated as the queu#iCrease can also be observed in the figure. The phenomenon
capacities become larger because of the effects of the renedigplts from the reneging and the dropping of queued new
of queued new calls and the dropping of queued handoff caf#d handoff calls. Fig. 8 shows the cost functinversus
The change o’} and Pr caused by, is more significant Vo @sNu = Np2 = 0 (depicted by the solid line) and
than byN,.; and N,. It is owing to the effect of the overflow VersusN,; and Nz (Nui = Nj2) as N0 = 0 (depicted
scheme used in the system. Fig. 6 shows the cost functiéyhthe dotted line), with] = 0.2 and A, = 0.4455 calls per
B versusN,, as N,; = N,» = 0 (depicted by the solid second. The saturation aB caused by increasing buffer
line) and B versusN,,; and N,.o (N, = N,2) asN,,g = 0 sizes can also be observed clearly from this figure, and
(depicted by the dotted line) with = 0.2 and \,, = 0.4455  (Nxo, Va1, Np2) = (2,1,1) is appropriate.
calls per second. It can also be found th¥}, plays a Fig. 9 shows the average waiting time of queued new calls,
dominant effect overV,,; of microcell i in the hierarchical W', and the waiting time of queued handoff caW,h, versus
cellular system with overflow scheme. The saturationBof A,, with appropriate design parametefo, Cp1, Cr2) =
caused by queue size of macrocell 0 or microcells can B 0,0), (N0, Np1, Nn2) = (2,1, 1), and(Npo, N1, Np2) =
clearly observed from the figure, and of queue-size pattefh 1,1). We can see from the figure that as the new call arrival
(Npo, Np1, Np2) = (2,1,1) is sufficient in this example. rate increases, the incrementW# is more significant than

Fig. 7 shows the probabilities”; and Pr versus A, the increment il . This is because waiting handoff calls
for different queue-size patterns of handoff calls, whetgave higher priority than waiting new calls.
(Cho, Cr1,Ch2) = (2,0,0), (Npo, Npu1, Np2) = (2,1,1).
As the size of handoff queue in each cell increasEs,
decreases, buPp remains almost unchanged for all traffic
loads. It is because the size of handoff queue has a directn this paper, we successfully analyze a hierarchical cellular
effect on performance of handoff calls, but an indirect effestystem with overflow scheme, where the system supports finite

V. CONCLUDING REMARKS
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call arrivals in celk queueing behind the waiting new call. The

n _1‘ (Co,Cr,C2)=(32,14,14)

Wh (Cho, Car, Chz)=(2,0,0) reneging state is a virtual state; we here denote it’byhen
g sl W PNV ] the set of absorbing states, denoteddycan be expressed as
Q
2 i A ={z:x = [ud, vy, - ul, vl un, U] 2 €S,
.Qé with constraint ofu] = C; — Cp; — 1,v] = 0},
s )
= Uy} (A1)
g=1 2 . .
§ The set of transient states, denotedAfy can be obtained by
15F P
A ={xrx = [ud, vy, -, ul, v, ul, v, 2 €S,
0.1 02 0.25 o3 .35 0.4 with constraint ofC; — Cy; < U: < i+ Ny,
New Call Attempts Rate : A» (calls/sec) 0= U: < Nipi — 1}~ (A.Z)

Fig. 9. The average waiting tim& " and7W" versus new call arrival rate And the set of the quasi-system states, denotedSpy is
An. given by

SN = A; U AS. (A.3)
buffers for new and handoff calls. The new call may renege
from the system, while the handoff call may be dropped by the &'(s) can be obtained by summing up the transition prob-
system. The guard channel scheme for handoff protectionaiilities of all possible transitions from stateto reneging
also considered. We obtain the new-call blocking probabiligtatet), where states is a quasi-system state ;. Denote
by using transition-probability matrix approach, the forceﬂé’,;’) to be them-step transition probability from quasi-system
termination probability via signal-flow graph, and then thetate z to quasi-system statg, where x,y € S/¥. Based
average waiting times of new and handoff calls. Interestiran the memoryless assumptions of the system,sthstep
system phenomena showed that because of the provisiomgoési-system state-transition probability can be obtained by
overflow scheme, design parameters of guard channel and (m) (m—1)
queue size in microcells could be negligible, while these Pay” = Z Pz "Pzy (A.4)
parameters in overlaying macrocell are significant. In other zesy

yvords, ina hiera_lrcr_li_cal cellular system with overflow schem@,herepm denotes one-step transition probability from quasi-
it seems more significant to support guard channel for ha”dgifstem stater to quasi-system state. In matrix form, we
protection and buffers for new and handoff calls in overlayingyye

macrocell than to provide them in the microcells. We further

heuristically propose a cost function not only to justify the pm = ptm=bp

above statement, but also to determine the optimal guard =pm (A.5)
channel patterns and the appropriate queue-size patterns for _ N N ]

the hierarchical cellular system. where P is the transition-probability matrix”? = [pg,],

(m

In the study of this paper, all of the channels in thé™ = [pS77], and P™ is themth power of P.
overlaying macrocell are used by the overflowing calls from Without loss of generality/> can be expressed as
micrqcells; the ove_rflow scheme would induce_higher traffic P(A;, A P(A, A9)
load in the overlaying macrocell and thus deteriorate the per- P = P(AS, A;))  P(AS, A9) (A.6)
formance in the macrocell. Therefore, it seems appropriate to e e
set a threshold to confine the maximum number of overflowirwghere P(A;, A;) denotes the transition-probability matrix
new/handoff calls for balancing traffic loads in macrocell antlom states in4; to another states ial;. Because all states

microcells. The topic is now under study. in A; are absorbing states and the transition from an absorb-
ing state to any other states is impossible except to itself,
APPENDIX A P(A;, A;) must be an identity matri¥ and P(A;, AS) must
DERIVATION OF RP(s) be a zero matrix. S@& becomes
In order to obtainRk?*(s), we use quasi-system states for cell pP= [ I 0 } (A7)
i to describe state transitions of the waiting new call in ¢ell P(A], A;)  P(AS AD) | '

The quasi-system states for célare composed of two kinds
of states: absorbing states and transient states. The absor
states are either the states at which the waiting new call in cell plm) _ [ I 0 }
i will renege from the system (the state is called the reneging T PUMI(AS A PUM(AS AS)
state) or the states at which the call will be served by the )
system (the state is called the service state). The transient st4agre P™ (A5, A;) and P (A7, A7) can be obtained by
are the states denoting that the waiting new call is still in the m

queue. Except for the reneging state, the quasi-system statesP ™ (A¢, A;) = Z PFTL(AS AS) - P(AS, A (A9)
for cell i are defined as the system states excluding those new- k=1

B'Ilp]%n,PW) can also be expressed as

(A.8)
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and

P(AS AS) = P AS, AS). (A.10)

Equation (A.9) shows that the:-step transition probabilities (/
from states inA¢ to states ind, are composed of all possible S~
transition probabilities via exactlysteps:1 < k < m. A k- Fig. 10. The transitions of quasi-system states for handoff attempts impinge
step transition consists of exact{y — 1) steps of transition on cell :.
among the transient states and a one-step transition from the
transient state to the absorbing state. TherefBifs) can be  Fig. 10 shows a signal flow graph that portrays the transition
obtained from the transition-probability matrix by of quasi-system states from the input stafeto the output
R'(s) = lim p(m) (A11) states, which are the ;_ervice state— 1 or 'Fhe dropping state
v m—oo L oY% ' ¢. The one-step transition rate from quasi-system statew;
to quasi-system statg denoted by (x, y), can be expressed

wherelim,,,— oo pg’j;) is an element in the transition matrixas

P()(A¢, A;), which is given by

Hhis if y= d)
m @ (@, y) = Cilp+ ) + (uf = Ci)pni, Fy=ui—1
PEI(AF Ay = lim Y~ PF (AT, A7) - P(A, A)) 0, elsewhere.
k=1 (B.1)

=(I = P(A{, A7) ™ P(AL 4. (A2) . .
The probability that the call of interest can access a free
Let ¢} (x,y) denote the transition rate from quasi-systerohannel is1 — R”(s) because the call of interest must be
statex = [uf, v5, -, ul,vf, -, wh, vi], 10 quasi-system either served or dropped by the system. Obvioushy,R!(s)

state y. Based on the assumption of the system and tlean be obtained by
definition of the quasi-system, we have

s & i ;= O
) 1-Ris) = ] (ot i) + (i = i (B.2)
@ (. y) v i+ ) + (uf = Ci+ D
fni ify=1v o
_Jo, ify==x where the initial system state= [uq, vo, -, u, U, -, UN,
o0, if y=T[uy, vy, w0 +1,-- uk, v vn]

q(z,y), elsewhere
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