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A QoS-Guaranteed Fuzzy Channel Allocation
Controller for Hierarchical Cellular Systems

Kuen-Rong Lo, Chung-Ju Chan8enior Member, IEEECooper Chang, and C. Bernard Shung

Abstract—This paper proposes afuzzy channel allocation are designed to be capable of supporting high capacity and bal-
controller (FCAC) for hierarchical cellular systems. The FCAC ancing the traffic load.

mainly contains a fuzzy channel allocation processor (FCAP . :
WhiChyiS designed to beyin a two-layer architegture that c(onsistg we al_so propqsed a(_)mblned channel aIIocatlo(ICCA)_
of a fuzzy admission threshold estimator in the first layer and a Mechanism for hierarchical cellular systems [10]. It combines
fuzzy channel allocator in the second layer. The FCAP chooses the overflow, underflow, and reversible schemes, where new or
handoff failure probability, defined as quality-of-service (QoS) handoff calls having no idle channel to use in the overlaid
;“d‘i;‘(' "’f‘“d thedre_soqrcetﬁvaifﬁi(ljity as i“tpUt "EQUiSPr‘]?eVgSag'neos,s microcell canoverflowto use free channels in the overlaying
or the Tuzzy aamission tnresnold estimator, wnere . .
position gra){jient-type reasoning method is applied to adagtively macrocell, handoff calls from_ nelghborlng_ m"’?croce” can
adjust the admission threshold for the fuzzy channel allocator. And Underflowto use free channels in the overlaid microcell, and
the FCAP takes the mobility of user, the channel utilization, and handoff attempts from macrocell-only region to a microcell in
the resource availability as input variables for the fuzzy channel the same macrocell can beversedo use free channels in the
allocator so that the channel allocation is finally determined, microcell. Simulation results showed that the CCA mechanism
Ll;]rg\}frtht;?sgg :Cp%r;rt]h:lﬁgg'Sgsdg?atrngees?ﬁédbigfézﬂ?rg nrqisnliltsf can attain better channel utilization by an amount of 23.7% but
handoff failure probability for all traffic loads. Also it improves ~ fenders more handoff rate [11] by an amount of 19.8% than the
the system utilization by 31.2% while it increases the handoff rate OCA mechanism.
by 12.9% over the overflow channel allocation (OCA) scheme  Tg guarantee QoS requirement for handoffs, these conven-
[7]; it enhances the system ufilization by 6% and still reduces ;| techniques are to reserve a fixed number of guard chan-
the handoff rate by 6.7% as compared to the combined channel -
allocation (CCA) scheme [10], under a defined QoS constraint. nels or to provide a queue for ha_meﬁS [:_L]' [12]. How_ever, these
methods are unable to cope with burstiness of traffic. In other
words, though these protection schemes can even guarantee the
QoS requirement of the handoff failure probability, the channel
UE to the increasing demands for wireless communicatiejilization would suffer from fundamental limitations by unpre-
services, it is essential to reconfigure the existing celluldictable statistical fluctuations within new and handoff calls.
system into a hierarchical structure for enhancing system gand they are difficult, if not impossible, to drive an accurate
pacity and improving coverage. The hierarchical cellular systemathematical model to obtain the solution.
prOVideS overlaid microcells for high-t6|etraﬁic area and over- On the other hand, fuzzy |ogic control has growing success in
laying macrocells for low-teletraffic region [1]-{5]. various fields of applications, such as decision support, knowl-
In such a hierarchical cellular system, Rappaport and Hu pigdge base systems, and pattern recognition. It is due to the in-
posed arpverflow channel allocatiofOCA) scheme that al- herent capability of fuzzy logic control to formalize control al-
lows a new or handoff call which has no channel available gorithms that can tolerate imprecision and uncertainty, emu-
the OVerIaid miCI’OCE" to OVerﬂOW to use free Channel in th%ﬂng the Cognitive processes that human beings use every day
overlaying macrocell [6], [7]. The OCA scheme can reduce bofi3}—[15].
the blocking probability of new calls and the forced termination |, addition, when applied to problems, fuzzy systems have
probability of handoff calls, and it is easy to implement becauggien shown a faster and smoother response than conventional
no elaborate coordination between microcells is needed [6]-[8]stems. It is thanks to the fact that fuzzy control rules are
Beraldi et al. proposed aeversiblehierarchical scheme [9], usually simpler and do not require great computational com-
which allows the presence of handoff attempts from overlayirlgexity. The latter aspect, along with the spread of very large
macrocell to overlaid microcell if there is idle channel availablg. e integration (VLSI) hardware structure dedicated to fuzzy

in the overlaid microcell. The reversible hierarchical SCheme”Ebmputation makes fuzzy systems cost effective [16]. In the
proves channel utilization in microcells and decreases blockifg|q of telecommunications fuzzy systems are also begin-
probabilities of both new call and handoff call since mic:roc:ell,s,ing to be used in areas such as traffic control in ATM net-

works and channel allocation in mobile communication sys-

|I. INTRODUCTION
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Fuzzy Channel Allocation Controller (FCAC)
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Fig. 1. The fuzzy channel allocation controller for hierarchical cellular systems.

base-station interface modules. It dynamically estimates avaif- channelsC; is allocated,0 < ¢ < N. FCAC contains
able resources in macrocell and microcells, evaluates systmctional blocks such as base-station interface module (BIM),
performance, and determines whether and how to allocgterformance evaluator, resource estimator, and fuzzy channel
resources to a call, based upon the call's QoS requirement,aecation processors (FCAP). It is installed in either a base
source availability, and mobility. The FCAP is a two-layer fuzzgtation controller (BSC) or mobile switching center (MSC).
logic controller that contains the fuzzy admission thresholote that for simplicity, FCAC is drawn to do the channel
estimator in the first layer and the fuzzy channel allocator in ttelocation for one macrocell only. Functional blocks of FCAC
second layer. In the fuzzy admission threshold estimator, \&ee described as follows.
apply the Sugeno’s position-gradient type reasoning method to
adaptively adjust the admission threshold for the fuzzy chandfl Base-Station Interface Modules (BIM)
allocator. In the fuzzy channel allocator, we design to achieveBIM is to interface with the base station of macrocell
utilization balancing between macrocell and microcells in ordef microcell. It provides complete partitioning buffers for
to obtain a higher channel utilization. The domain knowledge égieueing new and handoff calls which are originated in the
based upon CCA mechanism we proposed in [10]. Simulatieorresponding cell and temporarily have no free channel to use.
results show that FCAC can guarantee QoS requirementinfthe BIM for cell 0 BIM,), there is a new-call buffer with
existing calls; also, it achieves better system utilization by aapacityN,,, for new calls originating in the macrocell-only
amount of 31.2% but more handoff rate by an amount of 12.9fégion, a handoff-call buffer with capaciiy;,, for handoff calls
than OCA, and it attains more system utilization by 6% angom adjacent macrocells, an overflowed handoff-call buffer
still less handoff rate by 6.7% than CCA. with capacityVy,, for overflowed handoff calls from overlaid
The rest of the paper is organized as follows. In Section Hicrocells, and an overflowed new-call buffer with capacity
functions of FCAC are described. Section Il presents the design , for overflowed new calls from overlaid microcells. In the
of FCAP. Section IV shows simulation results and discussiorBiM for cell ¢ (BIM;), 1 < i < N, there is a new-call buffer
Finally concluding remarks are given in Section V. with capacity NV,,; for new call originations, an underflowed
handoff-call buffer with capacitys.,; for underflowed handoff
calls from the overlaying macrocell, and a handoff-call buffer
with capacity V;,; for handoff calls from adjacent microcells.
Fig. 1 shows the functional block diagram of the fuzzyNo buffer is provided for the reversible handoff calls. Reneging
channel allocation controller (FCAC) for hierarchical cellulaof new calls and dropping of handoff calls are considered
systems, where the hierarchical cellular system containshecause of new calls’ impatience and handoff calls’ moving
large geographical region tessellated by cells, referred to @# the handoff area.
macrocells, and each of which overlays several microcells.WheneverBIM; receives a call request,< i < N, it sends
The overlaying macrocell is denoted by cell 0 and its overlattie necessary calling information to the resource estimator, the
microcells are denoted by cdll ---, N. For celli, a number performance evaluator, and the FCAP. The calling information

II. Fuzzy CHANNEL ALLOCATION CONTROLLER (FCAC)
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TABLE | ther define a spatial averaging channel utilization of microcells
CALCULATION OF AVAILABLE RESOURCE at timet#, denoted b)UI(t), as

k QO Qq’, N
11 Co+ Nua —ro(t) = bra(t 0 Z Ki(?)
i=1

(

2 “o + Npo — Io(f — bha(f 0 UI(t) =
(
(

)

[ ]\T
3] Co+ Nuo—rolt 0 Z C;
(1) = b (1) =t

t
4 Co + Nuow — ro(t) — bno(fr

P
Ci + Nh.ul -r

) = bna(t)
) = bra(t)
) = bro(t)
) = bno(t) | Cit Nuw—
) = bna(t)
) )

5 | Co 4 Nna— r0(t) — bralt i(1) = bhus(t) Also we define the system utilization of the whole system at
— — time ¢, denoted byl/(¢), as

6 o 4+ Nuo — ro{t) — bpo(t Ci + Npi — ri(t) — bne ()

7 Co —ro(t Ci —ri(t N

el a Ko(t) + Y Kil)
U(t) = = . (3)

can distinctly indicate from which cell and in what type the call Oy + Z C;
is originated. The: type of call is defined ast = 1 denotes a P

new call originating in macrocell-only regiok;= 2 denotes a ] o )
handoff call from adjacent macrocell to macrocell-only region; "€ handoff failure probability in macrocell (microcells) at
k = 3 denotes a handoff call from microcell to macrocell-onl{imet, denoted byPyo () (Pri(t)), is defined as

region;k = 4 denotes new call originating in microcell;= 5 HBo(t) + HRo(t)

denotes handoff call from adjacent macrocell to an overlaid mi- Pro(t) = NHo(?)

crocell; k£ = 6 denotes handoff call from microcell to microcell; 0 HBi(#) + HR:(t)

andk = 7 denotes reversible handoff. Note that the macro- : <PHi(t) = ZNH(t) : ) (4)

cell-only region is the area inside macrocelbut outside all
microcells. The first three types of calls are to use channels\ihere
macrocell, while other types of calls can use channels either inHBo(t) (HB;(t)) number of blocked waiting handoff

macrocell or in microcell. calls in macrocell0 (microcell ) at
time ¢;
B. Resource Estimator HRy(t) (HR;(t)) number of dropped handoff calls in

The resource estimator calculates the available resources in macrocell0 (microcell?) at timet; and
macrocelD and microceli when it receives calling information  VHo(t) (NHi(t))  number of handoff calls in macrocell 0

of the typek call from BIM; at the time instant, denoted by _ (microcellz) at timet. .

Qo(t) andQ; (t), respectively. The handoff fallurg pr.obablhty of the whole system at time
Since it knows system parameters@f, No, Nna, N, d€noted byPy(z), is given by

Nyo, andCi, Nypi, Niwiy Npiy 1 <4 < N, it can obtain@(¢) N

and@);(¢) by formulas shown in Table I. Z (HB;(t) + HR;(t))

In Table 1,7o(¢) (r;(t)) is the number of occupied channels in o
Co (C;) attimet; b,o(t) (bha(t), bro(t), bro(t)) is the number Pu(t) = N . ®)
of waiting calls in the new-call buffer (handoff-call buffer, ZNHi(t)
overflowed handoff-call buffer, overflowed new-call buffer) of i=0
BIM,y, at timet; andb,,;(t) (by.ui(t), bri(t)) is the number of
waiting calls in the new-call buffer (underflowed handoff-calb. Fuzzy Channel Allocation Processor (FCAP)
buffer, handoff-call buffer) oBIM;, 1 < ¢ < N, at timet.

The FCAP performs the channel allocation using fuzzy logic
control to attain high channel utilization and keep the QoS re-
quirement guaranteed. Here, a threshold is designed for channel

The performance evaluator is to calculate the channel utilizaftocation, and it can be adaptively adjusted to cope with the
tion and the handoff failure probability. The channel utilizatioinput traffic fluctuation. The detailed design of an FCAP is de-
of macrocellO(microcell¢) at time¢, denoted by/(¢) (U/;(¢)), scribed in the next section.
is defined as

C. Performance Evaluator

[ll. DESIGN OFFCAP
Un () = Ko(t) Uif) = K;(t) 1 _ _ ' '
o(t) = o (1) = o (1) AsFig. 2 shows, an FCAP mainly consists of a fuzzy admis-
’ sion threshold estimator and a fuzzy channel allocator.
whereK,(t) (K;(t)) is the average number of busy channels in . _
macrocell (microcelli) at timet andCy (C;) is the channel ca- A+ Fuzzy Admission Threshold Estimator

pacity for macroceld (microcellz). In order to show the channel The fuzzy admission threshold estimator is to adaptively de-
utilization balancing between macrocell and microcells, we futermine the decision thresholds for the fuzzy channel allocator
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Fuzzy Channel Allocation Processor (FCAP)
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Fig. 2. The block diagram of fuzzy channel allocation processor.

so that the QoS requirement of handoff calls can be guarantdéd would be set to be’};, L,, and H,, could be the safety
and a high channel utilization can be achieved. The system Qo&rgin provided to tolerate the dynamic behavior of handoff
requirement is here defined as the maximum handoff failufailure probability and guarantee the QoS requirement, and the
probability which is denoted by’};. The admission thresholdsedgeL. iS L. = H. — L.
for macrocell0 and microcelk during time period¢, ¢+ 1], de- Similarly, let pg(Q(t)) and .y p(Q(t)) be the membership
noted byHy (¢ + 1) andH, (¢ + 1), are sent to the fuzzy channelfunctions forE and NE in T(Q(t)), respectively, and define
allocator if a new call occurs in macrocélor microcelli at  pg(Q(¢)) andung(Q(t)) as
time ¢. Note that ¢ + 1” denotes the time instant the next new
call arrives, and “1” denotes one unit of a new-call interarrival pe(Q(t) =g(Q(t); E., R., E, 0) 9)
time. NNFJ(Q(t)) =g (Q(t)7 0’ Rna Ov NE’IU) . (10)

We choosePro(t) (Pr.(t)) andQo(t) (Q:(t)) as input lin-
guistic variables for the fuzzy admission threshold estimator Tthe maximum possible “enough” value of available resource
determineH (¢ + 1) (H;(t + 1)) for macrocell0 (microcellé). R, would be the sum of buffer size and allocation channils,
Since the fuzzy rule set will be commonly used by macrocellould be a safety margin of available resourf, would be
0 and microcellz, hereafter in this subsection we simply useget to be a fraction of available resource, &gand N E,, are
H(t+1), Pu(t) andQ(t), instead ofHo(t + 1) or H;(t + 1), provided to tolerate the change of traffic.

Prro(t) or Pri(t), andQo(t) or Q;(t). Based on chosen input variables and their terms, the fuzzy ad-
Term sets for input variables are designeghission threshold estimator ha$ = 4 fuzzy IF-THEN rules.
as T'(Py(t)) = {Low, High} = {L, H}, and The fuzzy rules have the following form:
T7(Q(t)) = {Enough, NotEnough = {FE, NE}. And a
function g(z; zg, x1, ag, a1) defined below is chosen to be Rulem: IF Py (t) is X1, andQ(t) is Xay,,
their membership function. Itis a trapezoidal function given by THEN Ay (t + 1)
g (x; o, 1, Ao, a1) whereX,,, is the term of theth linguistic variable used in rule
Y70 49 forag — ap < x < w0 m, andh,, (t + 1) is the output function of rule: for the time
@o period(t, t +1],1 < m < M.
_ )L forzg <z <z ©) Here, we apply the Sugenao’s position-gradient type reasoning
) method [21], [22] to effectively derivé,,,(t + 1) and then to
<
o L fora <wzsoita obtain H(¢ + 1). The inference in the Sugeno’s method has a
0, otherwise built-in defuzzification such that,, (¢ + 1) can be expressed as
wherezq(x) is the left (right) edge of the trapezoidal function; Bn(t+1) = 8- H(t) 4+ am(t+ 1) (11)

ag (a1) is the left (right) width of the trapezoidal function.
Denotepr,(Py(t)) and py (P (t)) to be the membership where
functions forL and H in T(Pg(t)), respectively, and define 3,0 < 3 < 1, forgetting constant that can maintain the esti-

(P (t) andpp (P (t)) as mator stability,
H(t) admission threshold during last time period
mr (PH(t)) :g(PH(t)§ 0, L., 0, L'w) (7) (t -1, t], and
pu (Pu(t)) =g (Pu(t); He, 1, Hy, 0). (8) am(t+1) adjustment parameter far,, (t + 1).



1592

ThenH(t + 1) is given by

M
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where~ is a pole which is set to a value very close to but less
than one to avoid infinite memory and marginal stability of this

gradient evolution.

Ht+1)= Z fim (# 4 L)wm (£ +1) Finally, we rewrite (11) as

m=1
M OH
=0 HH)+ Y an(t+ Dwa(t+1) (12 (=57 gy = ) (9
m=1

wherew,, (¢ + 1) is the weighting factor for the output variableand we obtaifdH (t)/dam(t)) by
OH(t—1)

of rulem, defined asv,,,(t+1) = px,,, (Pa(t)) - pix,., (Q(F)). OH(t) 3
Since membership functions are set to be symmetrical, D, (1) = da,(t —1)
Yoot wmlt+1) = 1.

The adjustment parameter, (¢ + 1) is obtained by the gra- B. Fuzzy Channel Allocator

dient decent method, where an error function at thisadefined o o _
as We choose five input linguistic variables for fuzzy channel

allocator: the channel utilization in macrocell Oy(t)), the
E(t) =5 (Pu(t) - Py)?. (13) channel utilization in microcell (U;(¢)), the available resource
o in macrocell0 (Qo(t)), the available resource in microcell
Note thatF(t) is given in the sense thafitH(t) needs to be con- (Q:i(t)), and the mobile speed), [y (¢) andl/;(¢) can show the
trolled aroundPy;. Thena,, (¢ + 1) is given by traffic load intensity and the load balancing among cellg{t)
SE(t) and@; (t) can implicate the remaining capacity; andan show
5 ® the handoff rate. The term set for batly(¢) andU;(¢) is de-

" OPy(t) fined asZ'(Uy(t)) = T(U;(t)) = {Low, High} = {L, H}, the
=am(t) —n- (Py(t) — P) - — 2. (14) term set for bottQo(t) andQ;(t) is T(Qo(t)) = T(Q:i(t)) =
Jam(t) {Enough, Not Enough= {£, NE}, and the term set far is
wherer is an adaptation gain which must be properly chosen! (v) = {Slow, Fas} = {5, I} Let iz (Uo(t)) (nr(Ui(?)))

Because the admission thresha@idt + 1) could be regarded andr (Uo(t)) (1 (Ui(¢))) denote the membership functions
as an entry barrier to regulate new calls coming to the syste@htermsL andH in T'(Us(t)) (I'(Ui(t))), respectively, and let
and the change oPy (¢ + 1) during (¢, t + 1], denoted by #L(Uo(£)), r(Uo(t)), nr(Ui(t)), andpuy (Ui(t)) be
APy (¢ + 1) would be varied in accordance wifti(¢ + 1) so

+ wpn(t). (29)

am(t+1) =an,(t) —

that P (¢ + 1) can be kept at arount; to fulfill QoS require- pr (Uo(t) =g (Uo(t); 0, Le, 0, Lu) (20)
ment, we heuristically make an approximation tha (¢ + 1) pa (Uo(t)) =g (Uo(t); 1, 1, Hy, 0) (21)
has afirst-order relationship with (t + 1). ThenP (t+1) can pr (Ui(t) =g (Ui(t); 0, Le, 0, L) (22)
be expressed as wr (U(8) =g (Us(1); 1, 1, Hy,, 0). (23)

Py(t+1) =Py(t) + APy(t+1) Here L. would be a fraction of channel utilization, arig, and
~Py(t)—o-H(t+1)+c¢ (15) H, would be a change rate of channel utilization provided to

tolerate the dynamic behavior 6%(¢) andl/;(¢), respectively.

whereo is an experience value anrds a constant value. For The membership functions for termsBfand N E of Qo(t) and
example APy (t + 1) ~ —0.2% - H(t + 1) + 0.1% means (), (¢) have the same definition as in (9) and (10). The speed of
that APy (t + 1) in the range of[0.1%, —0.1%)] is inversely the mobile user is hard to obtain. Usually the velocity of a mo-
varied with respect td{(¢ + 1) in the range of0, 1]. Since pjle station can be estimated by the global positioning system
APy (t+1) is designed to change gradually atarate.of Pz, (GPS), the Doppler effect, the elapsed time in a cell, the prop-
the value ot could be chosen to 002. However, in orderto agation time of the signal, and the number of level crossings
attain a better adjustment &f(¢ + 1) to fulfill QoS requirement of the average signal level [23]. The membership functions for

in acute traffic fluctuation, we further setto be dynamically terms$ andF in v, denoted byus(v) andpr(v), are given by
changed according to the number of handoff calls dufing+

1]. In our example, it is frequent that only few handoffs occur ps(v) =g (v; 0, Se, 0, Sy) (24)
during(¢, t+1], thuss is set to bé N H (¢, ¢t+1]/1000), where pr(v) =g(v; Fe, Fy, Fy, 0) (25)
NH(t, t + 1] is the number of handoff calls durir(g, ¢ + 1].
Equation (15) can be rewritten as where
Se (Fe) would be a fraction of slow (fast) speed of mobile
(1-2Y) OP (t) o OH(t) (16) user,

0t (1) At (1) S. (F,) is provided to tolerate the change of slow (fast)

wherez~! denotes one unit of a new-call interarrival time. And speed, and

, p h would be the fastest speed.
then we have an expression @y (t)/dam(t)) s There are two output variableg); and O,, in the fuzzy
OPp(t)  dPy(t—1) OH(t)

channel allocator. The output variabl®y represents whether
iy (t) ~ Ay (t — 1) —o Oam(t) the call is accepted or rejected, add indicates with which

(17)
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channel in either macrocell or microcell the call is allocated. TABLE 1I

In order to provide a soft channel allocation decision, not INFERENCERULES FORMACROCELL ONLY REGION
only “accept” and “reject” but also “weak accept” and “weak — a0 v
reject” are employed to describe the allocation decisiol 0 @
Thus, the term set for the output linguistic variatiflg is 1 | Co & Noua = o(t) = bna(t
defined asT(0;) = {Accept(A), Weak Accep{W A), o + Nha — 10(t) — bha(t
Weak Reject W R), Reject(R)}, and the term set fo©; is Co + Nio— 0(t) — bo
() —bn
}— b
)

(8]

0

t
defined as T'(O2) = {Macrocell(}M,), Microcell (M;)}. -
We further define a delta functiof(z —z), for the member- Co -+ Nnp —1o(t) — bno(t

S

ri(t) — bri(t)
Ci + Nh.ul — 7

)
)
)
) Ci + Npjy —
)
)

ship functions of the output linguistic variables, whéfe —z) 5 | Co+4 Npa —7ro(t) — bra(t (1) = bhui(t)
is characterized aﬁfooo §(x —xo)dr = 1lands(z — z9) = 00, 4 %o + Nio — ro(t) — baolt Ci + Nui — 1i(t) — bni (1)
x = xzg; 6(x —x9) = 0, z # 9. The membership functions 7 Co— ro(t) Co— (1)

o —Tol(? i =Tl

fortermsA, WA, WR, andR in T(O1), denoted by 4, 1w 4,
uw g, andpg, respectively, are given by

resource in both macrocell and microcell has same fuzzy terms

Ha =8(01 = Ac) (26) in the premises of the fuzzy rule; and we also allocate calls to
pwa =6(01 = WA,) (27)  pe biased toward macrocell if the speed is fast for lessening
pwr =6(01 — WR,.) (28) frequent handoff, andice versa

pr =6(01 — R,) (29) Themax—mirninference method is adopted. It first applies the

min operator on membership values of the terms of all input
Without loss of generality, we sét. = 0, A. = 1, and let |inguistic variable for each rule. Assume that a call is originated
WR, = (R.+H(t+1))/2, WA, = (A.+H(t+1))/2.Acall in microcelli and the inference rules in Table IIl are applied.
can be allocated with channelif, is greater than the admissionwe denote the minimal result for ruleo bem;, 1 < ¢ < 32,
thresholdH (¢4-1). And the membership functions for terd&,  and obtainmn, s, for example, by
and M, in T(Oy), denoted by, andyyy,, respectively, are

given by mie = min (pup(v), pr (Uo(t)) , pr (Us(t)) s e (Qo(t))
par, = 5 (02 _ Mac) (30) UNE (Qz(t))) - (32)
pn, =6(02 — M) . (31) Then the method applies tmeaxoperator to yield the overall

- ) membership value. For the output variakidg, there are four
M, and M. are set to be positive one and negative one, ryjes for termg in Table Ill, which are rules 4, 8, 20, 28. Then

spectively. IfO, is greater than zero, the call is allocated with e gverall membership value for the tedi denoted byn
macrocell channel, otherwise, with a microcell channel. is given by

There are different call types in hierarchical cellular
systems. For calls that can use only macrocell's channel, mp = max (ma, Mg, Mag, M2g) - (33)
only input linguistic variables ofUy(¢) and Qo(t) are en-
abled. For calls that could use channels in either macrolMilarly, m .4, mw 4 andmw g are yielded as
cell or microcell, input linguistic variables ofl/y(¢),
U;(t), Qo(t), Q;(t), and v are enabled. The fuzzy rule

ma = max (m17 ma, My, Mg, My, Mg, M13, Mi4, M17

base with dimension|T(Up(t))| x |T(Qo(t))| is shown Mig, Ma1, Ma3, Ma5, Ma7, Mag, M31)  (34)
in Table 1l for the former, and that with dimensionmy 4 = max(ms, mz, mi1, mys, mis, Moz, Mag, M30)
[T(w)| > |T(Uo(8))] x [T ()] < |T(Qo(t)] x [T(Q:(E)) (35)

is shown in Table Il for the latter, wher'(-)| denotes the
number of terms irf{’(-).

The general idea of designing the fuzzy rules listed in Tabl@gerwards, we use theenter-of-areadefuzzification method
Il and Il is described as follows. If the available resource if, gerive the defuzzification value. The defuzzification value,
either macrocell or microcell is enough, a call would have g noted byO:, is given as shown in (37) at the bottom of the
chance of entering the system, avide versaif the available page. Then the output variabid is obtained by
resource is enough in macrocell but not enough in microcell,
the macrocell channel would be preferred, aiak versawe O, = {0, for @1 >H(t+1) (38)
choose a cell with low channel utilization, instead of the one 1, forOy < H(t+1).
with high utilization, for balancing traffic load if the available

mwRr = max (m12, mie, Ma4, m32) . (36)

O _ mg X Ac+mwa x WA +mwr X WR, +mg X R,
P ma +mwa+mMwgr+ Mg .

37
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TABLE Il
INFERENCERULES FOROVERLAY REGION

IF THEN IF THEN
Rule Rule

v U(2) | Uilt) | Qalt) | QulB) | O1 | Oy v | Ue(t) | Ui(t) | Qolt) | @:(t) | O1 | Oq

1 F H H E E A M, 17 S H H E E A M,
2 F H H E NE A M, 18 S H H E NE WA | M,
3 F H H NE E WA | M; 19 S H H NE E A M,
4 F H H NE NE R M 20 S H H NE NE R M;
5 F H L E E A M; 21 S H L E E A M;
6 " H L E NE A M, 22 S H L E NE WA | M,
7 F H L NE E WA | M, 23 S H L NE E A M;
8 F H L NE NE R M; 24 S H L NE NE WR | M,
9 I L H E E A M, 25 S L H E E A M,
10 F L H E NE A M., 26 S L H E NE WA | M,
11 F L H NE E WA | M, 27 S L H NE E A M;
12 F L H NE NE WR N] a 28 S L H NE NE R M,
13 F L L E E A M 29 S L L I E A M;
14 F L L E NE A Ma 30 S L L E NE WA | M,
15 F L L NE E WA | M, 31 S L L NE E A M;
16 F L L NE NE WR | M 32 S L L NE NE WR | M,

Note thatH (¢ + 1) = Ho(t + 1) if the call is a new call and the handoff behavior of users is characterized by a teletraffic
and is originated in macrocell-only region, aff{t + 1) = flow matrix [4], defined as shown in the equation at the bottom
min(Ho(t+ 1), H;(t + 1)) if the call is a new call and is orig- of the page where,;, ¢ # j, represents the probability of a
inated in microcelt. On the other hand, in order to give a goodhandoff call originated in cell and directed to celf, 1 < j <
protection for handoff calldf (t+1) = Oifthe callis a handoff. N, anda,; denotes the probability of this handoff call directed

We similarly adopt thenax—mininference method and applyto the adjacent macroce[jjzo a;; = 1for0 < ¢ < N, and
the center-of-areadefuzzification method for output variable,,. would be zero.

Oa, not further described here. The number of mobile stations in each cell is assumed to be
550, and the new-call arrival process follows a Poisson process
with calling rate per mobile station (usex) We assume that
low- and high-mobility users are generated inaratio of 7: 3, and

In the simulations, a hierarchical cellular system with=9 the cell dwell time is exponentially distributed with mean 180 s
microcells constructed along the Manhattan streets is assum@®, s) for the high-mobility users in macrocell (microcells) and

IV. SIMULATION RESULTS AND DISCUSSIONS

apo Aol o2 - GON  God

aio a1 12 Q1IN a1d

A= @20 a21 @22 c G2N 24
Lanyo aGN1 an2 -+ AGNN  ONd

roo0 01 01 01 01 01 01 01 01 0.1 0.17
01 00 03 00 03 00 00 00 00 00 03
01 02 00 02 00 02 00 00 00 00 03
0.1 00 03 00 00 00 03 00 00 00 03
01 02 00 00 00 02 00 02 00 00 03
00 00 025 00 025 00 025 00 025 00 0.0
01 00 00 02 00 02 00 00 00 02 03
01 00 00 00 03 00 00 00 03 00 03
0.1 00 00 00 00 02 00 02 00 02 03
L0.1 00 00 00 00 00 03 00 03 0.0 03
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with 1440 s (144 s) for low-mobility users in macrocell (micro- 10 x . ,
cells). And the speed of mobile users is assumed to be uniforn
distributed in the range of 0-40 km (40—80 km) for low- (high-
mobility users. We also assume that the mean unencumbe
session duration is 100 s and the patience (dwell) time f ;
queued new (handoff) calls is in the range of 5-20 s. The & 10
are 150 channels fixedly allocated to macrocell and microce &
with a pattern of(Co, Cy, ..., Cy) = (42,12, ..., 12). % Py()
If the OCA and CCA schemes are applied, the system 1=

serves a number of channets.; as guard channels for ~ - I Lot eP SRR

N

handoff calls in celli, 0 < i < N, which are denoted by -

(Croy Cr1, ..., Cry). We do some simulations and obtair FCAC: ——
the appropriate(C,o, Cr1, ..., Con) = (8,4, ..., 4) for a OCA with (Cro, Crs, ...,.Crs)=(8,4,...4): — —
OCA scheme andcrm 01‘17 s CrN) — (3’ 2,..., 2) for CCA with (Cro, Cry, ...,Cr9)=(3.2,....2): ------
CCA schemes at = 5 x 10*. Since the reneging (dropping)  ;¢° . \ , ,

process is considered, it is not necessary to provide a la 2.5 3 35 4 45 3
buffer size for new and handoff calls [10]; all buffer sizes i Calling rate per user, A x10*

macrocell and microcells are assumed to be 3. Note that in the

following performance comparisons, an OCA scheme providE§- 3 Fr(t) andPx(?) for FCAC, OCA, and CCA schemes.

no buffer and the CCA scheme supports the same buffering

scheme and capacity as FCAC does. forced termination probability at tim& denoted byPx(t), is
Based upon the QoS requirement and the knowledge of {&fined as

CCA mechanism, parameters of membership functions for input

linguistic variables in the fuzzy admission threshold estimator N

are selected as follows,, = 0.01, H. = 0.02, andL,, = Z(HBi(t) + HRi(1))

H, = 0.01 for yu (Py(t)) and ug(Py(t)) in (7) and (8); Pp(t) = = (40)
E, = E, = NE, = 17, R. = 45, andR, = 0 for ZNS(t)

pe(Q(t)) anduxy £(Q(¢)) with macrocell in (9) and (10¥, = —

E, = NE, = 7, R. = 15, andR,, = 0 for pg(Q(%))

and p v e(Q(t)) with microcells in (9) and (10). In the fuzzy where H B;(t) (H R;(t)) is the number of blocked (dropped)
channel allocator, parameters of membership functions for ingidindoff calls in celki and N.S;(¢) is the number of admitted
linguistic variables are selected as follows: = L., = H, = new calls originated in cell, at timet. The handoff rate at time
0.5 for pur,(Uo(t)), na(Uo(t)), pr(Ui(t)), and uy (Ui(t)) in ¢, denoted byRg(t), is defined as

(20)-(23);E. = Ey = NE, = 17, R, = 45, andR,, = 0 for

pr(Q(t)) andun p(Q(t)) with macrocellin (9) and (10§, = N

E, = NE, =7, R. = 15, andR,, = 0 for uz(Q(t)) and ZNHi(t)

wye(Q(#)) with microcells in (9) and (10); anfl, = F,, = 40 Ry(t) = 1—7\07 (41)
km, S. = 20 km, F. = 60 km, andZ}, = 80 km for ps(v)) NS (¢

andur,(v) in (24) and (25). And constant parameters are set to z% i(®)

ben = 0.01 ands = v = 0.9.

Three more performance measures such as the new-caltig. 3 shows the new-call failure probabilifyy (¢) and the
failure probability, the forced termination probability, and th@andoff failure probabilityPs; (¢) for schemes of FCAC, OCA,
handoff rate are concerned, in addition &) and Py(t). and CCA versus the calling rate per useat timet = 10%.

The new-call failure probability at time, denoted byPx(t), It can be seen that, asvaries, Pg(t) of FCAC remains con-
is defined as stant at around’;; = 2%, denoting the system QoS is guar-
anteed, andPy () is minimized so as to maximize the system
Z (NBi(t) + NRi(1)) capacity, comparing with OCA apd CCA.ltis becagse FCAC
; uses fuzzy logic control and considers more system information
Pn(t) = = N (39) than conventional schemes to allocate channels. Fuzzy logic is
Z NN;(#) a soft logic as the truth value of an entity, not restricted to ei-
0 ther false or true, but in a continuum of [0, 1]. And softness of
truth value is more appropriate to represent in determining if a
where NB;(t) (NR;(t)) is the number of blocked (reneging)given requirement constraint is complied with or violated. This
new calls in celli and NN;(t) (IVNy(t)) is the number of in effect removes the imposition of worse case assumption from
new calls originating in microcefl (macrocell-only region), at the decision making of channel allocation. It is also because the
time ¢. Forced termination of a call occurs if a call is corrupte€lzzy admission threshold estimator adopts the Sugeno’s posi-
due to a handoff failure during its conversation time. Thion gradient-type reasoning method to effectively estimate the
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1 T T T T 10 T T T T

) FCAC _
D i = R
s 2 =TT T
= 10 T 1
=1 L~
S 065 A
OCA with (Cro, Cr1, ...,Cro)=(8,4,....4): — —
06} CCA with (Cro, Cry, ...,Cr9)=(3,2,...,2), -+

0551 _---"" “OCA with (Cr, Cri, ...Cr)=(8.4... A — =]

r CCA with (Cro, Cr1, ...,.Cr9)=(3,2,..,2); =+~
0.5 : . ' : 10° : : ; :
25 3 35 4 45 5 25 3 35 4 45 5
Calling rate per user, A x 10 Calling rate per user, A x10”
Fig. 4. U(t), Uos(t), andU;(t) for FCAC, OCA, and CCA schemes. Fig. 5. Pp(t) for FCAC, OCA, and CCA schemes.
optimal admission threshold contained in each rule from its o 13 ' ' ' '
served information; and the fuzzy channel allocator approp i
ately controls the admission of calls according to fuzzy admi 1.25¢ CCA with (G Cr .4.,'(':;?9').:'(.3‘,;,‘_:??). e
sion threshold value and allocates channels in either microc BRPEEE
or macrocell. While the conventional policies are inadaptive
determine the number of guard channels to maintain, but not<
overprotect, the QoS requirement as the traffic load is fluct”‘ FCAC
ating and the changing is unpredictable. 1151 1
Fig. 4 shows the overall system utilizatiéf(¢), the channel
utilization in macrocell/s(¢) and in microcell/;(¢) versus the 140 |
calling rate per usex for schemes of FCAC, OCA, and CCA at
timet = 108. It reveals that/(¢) of FCAC gains 31.2% and 6%
improvement over the OCA and CCA methods, respectivel 1.05¢ OCA with (Cro, Cri, ....Crs)=(8,4,...4)
Uy(t) of FCAC is increased by an amount of 8.4% over OC, | c-—=-——"" """ --7"77"777777 777
butis decreased by 2.1% under CCA, witilgt) of FCAC out- 1 : s ' :
performs OCA and CCA by a significant amount of 44.6% an 2> 3 35 4 45 N
10%, respectively; and the pair & (t) andU;(t) for FCAC is Calling rate per user, A x10°

the closest one among those for OCA and CCA schemes. The
latter two phenomena justify that FCAC can achieve the hlghé:é(i
system utilization for more balancing utilization among cell
than conventional schemes. And it is because fuzzy logic is
powerful tool that allows us to qualitatively represent contr
rules naturally, on the basis of a simple linguistic description,
overcome some uncertainty and imprecision.

Fig. 5 shows the forced termination probabilféy(t) versus
the calling rate per userfor schemes of FCAC, OCA, and CCA
at timet = 108. Itis found thatPr () of FCAC has flat curve  In this paper, we propose a QoS-guaranteed FCAC for hierar-
around a2%. This is because we have obtained the unchangelical cellular systems. The FCAC is designed to be a two-layer
Py (t), shown in Fig. 3. controller which consists of a fuzzy admission threshold es-

Fig. 6 shows the handoff rate versus the calling rate per usinator in the first layer and a fuzzy channel allocator in the
X for schemes of FCAC, OCA, and CCA at time= 10%. Itre- second layer. The fuzzy admission threshold estimator applies
veals that FCAC has more handoff rate by an amount of 12.9%@ Sugeno’s position-gradient type reasoning method to adap-
than OCA. The reason is that the design of FCAC is based on tively adjust the admission threshold value so that the QoS con-
knowledge of CCA which combines overflow, reversible, anstraint can be kept. The fuzzy channel allocator uses soft logic to
underflow. However, the signaling overheads for these handodfstermine whether a call is accepted or not and which channel
might not cost as much as those for conventional handoffs ie-macrocell or microcell will be allocated. Simulation results
tween macrocells since most of these handoffs occurred in gteow that the proposed FCAC improves the overall channel uti-
same macrocell. And FCAC achieves a lesser handoff rate tHiaation 31.2% higher than the OCA scheme and 6% better than

Ry (t) for FCAC, OCA, and CCA schemes.

(S,‘ A. It is not only because of more information such as the
peed of mobile station considered in FCAC but also because

Pcf the fuzzy logic control that can provide decision support and
expert system with powerful reasoning capability.

V. CONCLUDING REMARKS
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the CCA scheme, while maintaining the QoS requirement; angb1]
it still reduces the handoff rate by an amount of 6.7% under the
CCA mechanism but increases the handoff rate by an amouhztz]
of 12.9% over the OCA mechanism. Since most of the handp3]
offs mentioned here are within the same macrocell, the signaling

overheads for these handoffs are not as much as those needegz'u']\

handoffs between macrocells. The FCAC would be a promising
and feasible approach.
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