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Bounding the Performance of Dynamic Channel
Allocation with QoS Provisioning for Distributed
Admission Control in Wireless Networks

Xusheng Tian and Chuanyi Ji

Abstract—in this work, we investigate the performance of considered in this work falls into this category. Two factors de-
distributed admission control with quality of service (Qo0S) termine an admission decision: 1) the availability of a channel at
provisioning and dynamical channel allocation for mobile/wireless a cell and 2) the QoS constraints. Channels are made available at

networks where co-channel reuse distance is considered as the h cell by ch | . t sch b d h |
only limiting factor to channel sharing. We first provide a QoS each cell by channel assignment schemes based on co-channe

metric feasible for admission control with dynamically allocated reuse constraints [1] which are considered as the only limita-
channels. We then derive a criterion analytically using the QoS tion to channel reuse in this work. Under such constraints, two
measure for distributed call admission control with dynamic classes of channel assignment algorithms have been widely in-
channel allocation (DCA). When maximum packing is used as the vestigated: 1) FCA and 2) DCA [2]. In an FCA scheme, a set

DCA scheme, the results obtained are independent of any par- f inal ch | " . dt hcell. A
ticular algorithm that implements dynamic channel assignments. ofnominal channels are permanently assigned to €ach cell. An

Our results, thereby, provide the optimal performance achievable arriving call can only be accepted if there is a nominal channel
for the distributed admission control with the QoS provisioning available in that cell. Due to the temporal and spatial variations
by the best DCA scheme in the given setting. of the traffic in cellular systems, FCA schemes are not able to at-
Index Terms—Distributed admission control, dynamic channel tain a high channel efficiency. To overcome this, DCA schemes
allocation, fixed channel allocation, land mobile radio cellular sys- have been studied. Unlike FCA, in DCA all channels are kept in
tems, quality of service. a central pool to be shared by all calls in every cell. A channel
is eligible for use in any cell provided the co-channel reuse con-

|. INTRODUCTION straint is satisfied. Many researchers [1]-[3] have given compre-

hensive overviews on existing algorithms for channel allocation.

\l/\lviEeloefs;hiecthﬂlrigg?ss rl::nvf/)r(t)c\;ldsfzgp\cl)?tlcfhsegj\ﬂgfagzl:?r&lln the previous work, DCA and QoS provisioning have been
. . . S . fnvestigated in two separate contexts. On the one hand, a lot of
of quality of service (QoS) with the limited capacity. Call '9 n w b X

S . . ~channel allocation schemes have been investigated on how to
admission control is needed to meet this challenge. As vari g

X ifi

: . ) gn channels specifically. In these cases, QoS has not been
dynamic channel a_llogaﬂon (DCA). algorithms have be ken into consideration. On the other hand, channel allocation
developed for admission control, little has been done Q

assessing the performance gain achievable by DCA with Q emes that have included the QoS provisioning are for FCA

SO 4 ; . -afone [4], [5]. In particular, distributed admission control with
provisioning. The goal of this work was to investigate th'l%CA [5], namely FCA—QoS, has been analyzed with a QoS con-

iundinle_ntr#] |s§uet byhproviladllngt_?ns;/_vers t(()j two quesnon raint on the handoff dropping probability for distributed ad-
) what is the best achievable utilization under a given Q ission control of cellular networks with homogeneous traffic.

constraint by distributed admission control with dynamicall remains an open question on how to analyze the performance
assigned channels and 2) how much gain can DCA provi FDCA with QoS provisioning in the context of distributed

i ' ? o i :
compared to fixed channel allocations (FCAs): admission control. Moreover, FCA with QoS was considered

n ceIIuIar ;ystems, a geogrgphmal region is split into cell hder spatially uniform traffic [4], [5]. Nonuniform traffic pat-
each containing one base station. When a new call requesf |

o . '®Steths have not been taken into consideration.
made at a cell, a decision can be made on either accepting . L
o . he focus of this work was on providing answers to such an
rejecting the call at each base station and then a channel can be . . -
. : : . _ open question by analyzing the performance of distributed ad-
assigned to the call admitted. This results in a distributed ad- . . L
s . mission control with the QoS provisioning and DCA under both
mission control strategy that can be applied to every cell (base. . . -
) : : ; gniform and nonuniform traffic conditions. Two challenges ac-
station). Such a strategy is suitable for large wireless systems

ith handing topol The admissi trol sch company this investigation. The first challenge results from the
with & changing topology. The admission Control SCNeMe We. ihat performance gain varies with respect to different DCA
algorithms. Therefore, how to derive a general formulation to
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supported in part by NSF Grant CAREER IRI-9502518. An earlier versiondoﬁff. It. Anoth hall is th S d for FCA
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of DCA with the QoS provisioning for distributed admissior Call Terminates
control by considering the best DCA scheme rather than inves ? T ? T T
gating a specific DCA algorithm. This is accomplished by usin | G- Ci o} Cint Cia

maximum packing (MP) [6] as the DCA scheme. As will be see .| - = = s i
later, MP allows as many shared channels as possible undt
reuse constraint. The results obtained provide the performai T t ? T ?
achievable by the best DCA scheme and are, therefore, ini
pendent of any particular algorithm which implements specific
dynamic channel assignments. We will derive analytically &tg. 1. One-dimensional cell array.

admission control policy with DCA under the QoS constraint.

We will show that the derived admission control policy leads to Due to MP policy, a call will be accepted in célf at timet
17%-30% increase in utilization compared to FCA—-QoS underovided

various traffic conditions. Thereby, the results provide the max-

imum possible increase in utilization by any DCA scheme com- nj—1(t) +n;(t) <M, forj=dii+1 1)

pared to the FCA scheme in the same setting. . . . .
. . . is satisfied after the call is accepted under the assumption of
This paper is organized as follows. The cellular system cof-

sidered in this paper is described in Section Il. A distributed C%ﬁuse distance equal to two. If the above condition is not satis-

admission control policy with the “best” DCA scheme, namel}}ed' i.e., if by accepting the call (1) is violated, channel resource

DCA-QoS, is then proposed in Section Ill. The implementin-S going to be overloaded. The probapi!ity f(%r)SUCh an event to
details of the admission policy are derived in Sections | ceur is denoted as traverload probability; (%) at cell C;

and V. In Section VI, we compare the performance of @ times, 1.e
DCA-QoS with the FCA—QoS analytically through examples. pO () = Pr {O(L)(t) Uo® (t)}
In Section VII, we compare the performance of our DCA—Qo0S ¢ ¢ ¢

\/Svgztitc’hr:avlzlﬁA—QoS numerically and describe conclusions U\}here OEL)(t) = Nia) + N > MY, OER)(t) _

{Ni+1(t) + N;(t) > M}. N;(¢) is the number of users in

cell C; at timet¢, j = ¢ — 1,4, + 1. Since (1) only involves

the number of calls at the current and neighboring cells, it is
II. THE CELLULAR SYSTEM distributed in nature.

| - - -] -
n;_, 1 n;_(t) ity n;,4(t) Ny ot) handoffs

Call Arrivals

A one-dimensional (1-D) cellular system was considered faf pjstributed Call Admission Control with the “Best” DCA
analytical simplicity. Referring to Fig. 1, we denafg as cell

j, andn;(t) as the number of users in ceflat time ¢, for We defined our admission control policy to be consistent with
1 7 1

J€ fi—2i—1,ii+ 1+ 2}. We assume that) is the FCA-QoS but extended for dynamically assigned channels. Re-

cell where a call admission request is made. New call arrivdRTing to Fig. 1, a new call is admitted to cel; at time?, if
are assumed to Heoissordistributed with the arrival rata; in and only if the following admission conditions are satisfied.
C;. Call lasting time is assumed to be exponentially distributed 1) Atthe currenttime,, the number of calls in cefl’; and its
with the meari /.. Interhandoff time is also assumed to be ex- adjacent cells will not exceed the total number of channels
ponentially distributed with the meatyh. Furthermore, new in the system. In other words, (1) for MP strategy need to
call arrivals, call terminations and call handoffs are assumed to ~ Pe satisfied at timé,. This ensures that there is a channel
be mutually independent both within a cell and among cells. available for the new call. If this condition is considered
There areM distinct channels in the system. The channel reuse ~ @lone without QoS constraints, no QoS is enforced and
distance is assumed to be two, i.e., a channel can be reused in We end up with the original MP. _
every other cell. Two adjacent cells can support upaalls ~ 2) Atthe future timef, (=to + 7)), the predicted overload
simultaneously. probability of cellC;, V5 € {i — 1,4,¢ + 1} is bounded

by a given QoS threshold, i.e.,

POt |to) < Paos, Vjefi—1,4,i+1 2
I1l. OPTIMAL DCA SCHEME: MAXIMUM PACKING / (fu o) < Poos ied i @

o » where
To bound the performance that is independent of specific

channel assignment algorithms, we chose MP. This was moti- Pj(o)(tl |t0) £ Pr { O§L)(t1) U O](.R)(tl)‘ Aj(to)} (3)
vated by the fact that MP is an idealized DCA algorithm. It was A

i A;i(to) ={N;_1(to) = nj_1,N;(to) = n;
assumed that a new call would be blocked only if there was no j\to j=1\to i=1,4¥5\to i
possible re-allocation of a channel to the call. This would in- Nit1(to) = nj41}- (4)
clude re-allocating calls in progress, which would result in the ) ) )
call to be carried. MP does not depend on any algorithm that ~ V;(f1) is the number of users in cell; at time¢,. Then
implements the assignments of channels, therefore, providing Some channels will be reserved for handoff calls in the
the best performance a DCA scheme can possibly achieve in fRandom variables and constants are denoted by capital letters. Observed
given setting. values are denoted by small letters.
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future. The number of channels reserved by the policy ighere
not a constant, but determined by the number of users in

} ; . " . : 1 1/h

cellsC;, wherej € {é — 2,i — 1,4,¢ 4+ 1,7 + 2}. This f=—"1 &= (6)

ensures that QoS will be maintained in c@ll. 1+of (1/p = 1/h)(1 = Paqos)
A handoff call is accepted by cell; if and only if (1) is satisfied. Pqos andPpges  given QoS thresholds on the blocking
This means a handoff call is accepted as long as the channel and handoff dropping probabilities;
reuse constraint is not violated. _ ~ pandh call service rate and call handoff rate,

The admission policy was implemented in two steps. The first respectively:
step was to derive a QoS threshdid.s. The next step was to 3 weighting factor defined in (6)
s O . . .

evaluate the overload PfObabI“t'ég Yt to), forj € {i — To explain how such @ is derived, we note that since
Li,i+1} Pqos is a bound on the overload probability, a meaningful ex-

It should be noticed that the idea of our distributed admiSSiWession fOPQOS should be obtained through ana|yzing how the

control algorithm is not limited to 1-D system with re-use dispverload probability relates to the blocking and handoff drop-
tance two. Equations (1), (2), and (3) should be understood assiy probabilities.

implementation of our distributed admission control algorithm et ... andn;q be the number of new call and handoff
for the special case we considered. The general idea behinddhg requests. Let:z andnp, be the number of blocked new

algorithm is based on the concept of neighborhood, which iga|| requests, and the number of dropped handoff call requests,
cludes all the cells that are within the channel reuse distanggspectively. Then the frequend; of the overload probability

Then the admission condition can be stated as follows: P, can be expressed as

1) at the current timeg, the number of calls in cell’; and
its re-use neighbors will not exceed the total number of P = Bt np.
channels in the system; Tinew T Mhd

2) at the future time; (=to + T), the predicted overload _ (nB/Nnew) (Nnew /Mha) + (np/Nha)
probability of cellC;, Vj € {i, neighbor(4)} is bounded (Nnew/n1a) + 1
by a given QoS threshold, wheteighbor(¢) is the set of .
cells within the channel re-use distance. np/nnew 1S the frequency and’s of the blocking probability

Pg for new call arrivals. Similarlynp /ny,q is the frequency

IV. A Q0S MEASURE ONDCA FORADMISSION ConTroL ~ Fp Of the handoff dropping probabilityy. If we let & =
_ Mpew/Mhd, WE can obtain
A commonly-used QoS measure is the handoff dropping

probability. Such a measure was used in the FCA-QoS as a . aPg + Pp
threshold on the highest tolerable handoff dropping probability. P, = Tat1
Since the handoff dropping probability was difficult to evaluate
directly, a threshold was used on the overload probabili¥{fhen the number of calls defined is large, the frequencies will
instead. As will soon become clear, this measure is not ablegpproach the corresponding probabilities. If we assume also that
provide the QoS for the case of DCA, where the contributiof approaches a quantity, we can obtain
of new calls to the overload probability is too significant
to be neglected. Although a weighted sum of the blocking P, = w. (8)
probability and the handoff dropping probability has been used a+1
to circumvent this problem [7], a weighting factor has 0 b@ye can then choose a QoS threshold to have a similar expres-
determined, which can be somewhat arbitrary. sion. i.e.,

We took a different approach to derive a QoS measure for
the case of DCA through anallyzing the _c_qntributions of the Paos = (1 = 8)Psqos + APbqes 9)
blocking and the handoff dropping probabilities to the overload

probability. Using our QoS measure, we will show that a Qogheres = 1/(1 + «'). The above derivation shows that intu-
threshold on the handoff dropping probability alone will not bgjyely

optimal as long as the blocking probability to new calls is not g ratio of handoff call requests over total call re-
negligible. We will also show empirically that the QoS measure quests;
we obtained leads to an almost guaranteed QoS on the handoﬁbmoS desired blocking probability threshold:;

drOppIng pI’ObabI“ty Undel’ bOth unlfOfm and nOnun'fOrm traffIC PDQOS Commonly used QOS threshold for the handoﬁ

()

conditions. dropping probability.
o These two quantities are usually given as the QoS requirements
A. Deriving a QoS Measure for DCA in practice. Here we use a different quantityrather thanx,

What should be an appropriate QoS measifitg,s) for the since the parameterin (8) was difficult to be measured directly
distributed admission control with dynamically assigned chaand needs to be approximated.
nels? We claim that a logical choice % is To find a reasonable approximation fer we replaced: e,
andny,q by their expected valueB[n ] andE[n,q], respec-
Paos = (1 — 3)Prqos + BPbqos (5) tively. ThenE[n,.w] = At, wheret > 0 is the observing time.
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If we assume that botE[n,..,] and E[nyq] are the expected very small and the handoff occurs much more frequently
number of new and handoff requests at the entire system than a new call arrival.
» Example 3:Ppqos ~ 1.
1/p—1/h i int i
E[nd] ~ Elftnes](1 — Pg) /p—1/ (10) In this example, no constraint is enforced on the

1/h blocking probability. This results in — 8 ~ 1, thus,

Pqos =~ 1. This simply means that no QoS constraint is
whereE[nnew](1 — Pg) is the expected number of accepted  gnforced.

new calls,(1/u —1/h)/(1/h)* of handoffs for a callo’ can be All these examples show that our QoS measure is consistent

chosen as with existing ones. However, our approach is better as will be
o ~ E[npew] discussed later.
= E[nnd]
1/h V. EVALUATING THE OVERLOAD PROBABILITY
~ (11)

T (1/p—1/h)(1 — Paqes)’ The second step toward implementing the admission policy
_ . was to evaluate the overload probabilitié’#?) (t1]t0),forj e
Inserting (11) into (9), we have the QoS measure (threshold) _ 1 ; ; 4 1}. Since these probabilities have a similar form,
Pqos completely specified. we only need to evaluate'® (t, | , ). Using the model given in
Section Il, we obtained an expression of the overload probability

B. Examples for DCA—Q0S in Theorem 1.

To examine whether such a QoS measure is meaningful, welheorem 1: Let M be the number of channels in the system.
consider three examples. Let n;(to) the number of users at cdll; at timety. At time

» Example 1:Ppqos < 1. t (é to + T), let NV;(¢1) be the number of users in cell;.

Our QoS measure shown in (5) is a weighted sum @fefine F; (k) 2 Pr{N;(t1) < k|N;(to) = ni(to)} to be
desired thresholds on blocking probabilitf’zq.s) and  the cumulative distribution function d¥;(¢,) with initial value
handoff dropping probability Phqos). The weighting V;(¢9) = n;(to). Then with DCA, the overload probability at
factors(1 — ) and 3, however, are nonlinear in termscell C; is
of Prqos in general. WhenPrgos < 1, the system
is expected to run in a lightly loaded environment. In ©)
this case, the weighting factor reduces to a constant Bt to) =1 - ZFifl(M — k) - Fipr (M — k)
1-7p8 = (1/h)/(1/1), wheref can be interpreted as k=0
the probability for a call to be handed off. A large ~(E5(k) =

(and, thus, a small — j3) indicates that calls tend to be _ _
handed off frequently. That is, handoff calls are a major The proof of the theorem can be found in Appendix A. Intu-

factor to cause the load at a cell. TherefoRyoos iS itively, the second term of (12) sums up all possible nonover-
weighted more thasges in Poos. Otherwise ng\;)v calls l0ading combinations, thus, the overload probability can be ex-
would contribute more significantly than handoff callressed m((%Z).
in overloading a cell, an@sq.s will be weighted more  Since £ (t1 [to) depends only on¥;_(k), F;(k), and
heavily. F,;1(k), we focused on evaluating; (k) alone.F; (k) and
This example shows that our derived QoS measurefig+1 (k) can be evaluated similarly:; (k) is determined by its
more general than a commonly used weighted sum BfoPability mass functio®r{N;(t:) = k| Ni(to) = ni(to)}.
Pagos and Ppqes, Where the weighting factors were usuSuch a probability can be evaluated based on the given traffic

M

Fi(k—1)). (12)

ally chosen in an ad hoc fashion. model as givgn in Theorem 2.
+ Example 2:Ppqos = 0. Theorem 2:
When Prq.s = 0, no call should be blocked. Then
Poes = Ppqos/((1/h)/(1/pn—1/h) + 1). For this case, Pr{Ni(t:) = k[ Ni(to) = ni(to)}
since average call lasting tin{é/..) is greater than av- O O NG (t0) Eomlo)
erage call sojourn timél /%) in a cell, Paos < Ppqos. _ o~ (WX P07 ) 0
If we choose a thresholffpgos on the handoff dropping Ai 7 (to)
probability alone as the QoS threshold, we would have a [ (D %)
looser control over the desired Qa%y.s ~ Ppqos, ONnly —ni o) | 2PV A (B0) AT (fo) (13)

when the handoff happens more frequently than a new call

arrival,i.e.,1/h < 1/psothat(1/h)/(1/u—1/h) = 0.In  wherel,(x) is the modifiedBessefunction of the first kind of
other words, the thresholhq.s on the handoff dropping orderk. AE’)(to) and)\go)(to) can be regarded as the equivalent
probability alone is a good QoS measure wh&g,.s is  arrival and departure rate to and from o8|l

2This assumption is made by the motivation that a QoS threshold is defined (I
for the system rather than for each cell. Then each base station can try to perform )‘i (tO) =X+ (”i—l (tO) + Mgl (tO))h/2 (14)
the best admissi trol ible to achieve th S. o

e best admission control possible to achieve the Qo )\Z( )(to) = ni(to)(pe + h). (15)

SAssumingl/u > 1/h, i.e., handoff rate is higher than call completion rate.
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The proof of the theorem can be found in Appendix B. WheB. A Special Case: Light Traffic
T, the prediction interval, is small, thegessefunction;(x) can
be approximated ag,(z) ~ (z*/2*I'(k + 1)), forz — 0,k >
0. We have a simpler expression for (13)

Corollary 1: For? — 0

Pr{N;(t;) = k| Ni(to) = ni(to)}

When the system is lightly loaded, i.e., the numbeft,)
of existing calls in a cell is small, fof € {z — 1,¢,7 + 1}.
Equation (16) is reduced to

Pr{Ni(tl) =k | Ni(to) = ni(to)}

(1)) (o) (AEI)T)k
a; ( AIT) = ni(to)l k= nilto) S fork=012....  (18)
» <)\§O)T>ni(t0)_k/ alto) — Kl & < mi(to) For the sake of simplicity, we assume the arrival rate of new
calls at all three cells is the same, i.&;,= A. Sincen,;(ty)'s
(16) (j =4 —ml,4,i+ 1), are small, the influence of handoffs can
where be neglected. Therefore, it is reasonable to assuma;h%m,
1 for j =i—1,¢,i+1. The overload probability can be simplified
A A : .
a; = (e it et - 1) as the following form:

i izi (1) (©) - A-00S. PO _ QnEt M
is a normalizing factor; ’, and \;”” are shown in (14) and FCA-QoS: P, (t1 [t0) = « (M 1) +olT3
(15), respectively. 3

The validity of Poissonlike approximation is further dis- Mt (19)
cussed in Appendix C. DCA-QoS: POt | to) = 30, 2D

Combining Theorem 1 and Theorem 2, we have the expres- (M + 1)
sion for the overload probabilit’” (¢, | #,) at cell C;. The +oa? (XTYM+L (ML
other two overload probabilities can be obtained similarly. @ (M +1)!

In general, these overload probabilities can not be simpli- +o(TMHLY, (20)

fied to closed forms. But they can be evaluated numericall_?_/, ) )
and compared with the QoS threshdds. If })J(O)(tl o) < he proof of (1.9). and (20) can be found in Appendix D. From
Pqus are satisfied for alf € {i — 1,i,i + 1}, a new call is ad- (19) and (20), it is easy to conclude that the DCA-QoS has a
mitted. Otherwise, the call is rejected. smaller_overload probability than the FCA-QoS, sinceitisin a
much higher order of” than that of the FCA-Qo0S. Hence, the
DCA-QoS performs better than the FCA-QoS in light traffic.
Intuitively, when a cell is lightly loaded, there is a lot of room
In order to understand intuitively the advantage of using DCfyy the DCA-QoS to adapt itself to traffic variations and hence,
as opposedto FCA, we first simplified the overload probabiIitiqﬁJtperformS the FCA-QoS. It should be noted that if no QoS
for FCA-QoS and DCA-QosS for some special cases so that {8&onsidered, the results shown in (19) and (20) will reduce to

VI. COMPARISON WITHFCA: ANALYTICAL RESULTS

results can be more intuitive to understand. those given by Kelly [8].
A. Overload Probability for the FCA—Qo0S C. A Special Case: Heavy Traffic

Using the definition off';(k), we can easily obtain the over- pges the DCA-QoS always perform better than the
load probability for the FCA-QoS. FCA-Q0S? To answer this question, we compared the overload

Lemma 1: Let M be the number of channels in the systenyopapilities between the FCA-QoS and the DCA-QoS under
each cell is assignedi//2 channels. Letk(to) be the number gch an extreme heavy traffic condition that if accepting a call,
of users at celC; at timet,. Attime ¢, (=to + 1), let N;(t1) the cellC; would use up almost all of its available channels.
be the number of users in cé€lt. Define F; (k) 2 Pr{N;(t;) < If 7" is small, (16) can be approximated as
k| N;(t;) = n;(to)} to be the cumulative distribution function PriN(£) = k| No(t) — ns(t
of N;(t;) with initial value N;(to) = ni(to). Then with FCA ENi(R) = k[ Nilto) = nilto)}

policy, the overload probability at cefl; is AT+ o(T) k=mn;(to) +1
o Iy 2 1= M7 X7 4 o(T) k= nilto)
P77ty | to) = Pr { Ni(t1) > - ‘ Ni(to) = ”i(tO)} N 4 o(T) k= n;(to) — 1.
ion (M), an o
'\ 2 In the case of the FCA-QoS, when(ty) = M/2, substituting

The result given by (17) means that under our system mod@l). (14) and (15) into (17), we have
the overload probability for FCA is determined by the avail- R(O)(tl | t0) = )\7(I)TJr o(T)
ability of channels in the cell and traffic parameters, such as call ’ R
arrival rate, handoff rate, and service rate. It is noted that such = </\ + §(ni—1(t0) + m+1(to))> T+ o(T)
an overload probability is exact whereas the one derived in [5] 22)
is a special case of Lemma 1 which approximdtgs)//2) by
a Gaussian distribution. where we assumg; = A, for all ¢, for simplicity.
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Handoff call drop rate vs load

In the case of the DCA-QO0S, when_1(¢g) + n:(to) = M 10° ;
andn;y1(to) + ni(to) = M, by inserting (21), (14), and (15)
into (12), we have

Pt [to) = MO + 2T + AP T + o(T)

=3 <)\ + %(”i—Q(tO) + n;—1(to) + 2n;(to)

T nipa(t) + m+2(to))> T o(T). (23)

Handoff Call Dropping Probability

If we regard (1/2)(ni—1(to) + nit1(to)) in (22) and

(1/6)(ni—a(to) +ni—s(to) + 2nito) + nita(to) +mizalto)) ¢ /// - - BE-008 P10
in (23) as two estimates to the sample mean of number i " roages
existing calls in each cell, and denote the mean,aben (22) . /
and (23) can be rewritten as follows: 10' 107
Load per system basis (Erlang)
FOA-QOS: P{7(t1[t0) = (\+ h)T + o(T)  (24) F19,2, Comparison of QoS Theshdloe. =0.01)." - FCA-QusS:
DCA-QoS: PXO(ty |to) = 3(A+ ha)T + o(T). (25) “-":MP.

Admission threshold: FCA
— T T — T T T T T | I —

By observing (24) and (25), it is obvious that the DCA-Qo0S f‘;
has a higher overload probability than that of the FCA-QoS =
This is in agreement with the result for pure FCA and MP in :;
[8]. An intuitive explanation is that under heavy traffic condi- §..[>
tion, as there is little room for dynamically assigning channelsgm-
DCA—-QoS disrupts the more optimal packing of FCA-QoS.

g
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VIl. NUMERICAL RESULTS AND DISCUSSIONS

=3
T

rs in the right neighl

As special cases shed light on the advantage of DCA oveg
FCA, we evaluated the exact performance of DCA-Qo0S bjg
solving (2) numerically and compared it with the performance$
of FCA.

A. Experimental Setup

- N W A e N @ ©
T — T

We used the same 1-D simulation system and the exper '+ 2 3 4 s & 7 8 o 10 it B, 18 e 17 18 e @
mental setup as in [5] to obtain our results for the purpose ot
comparison. The system consists of ten cells arranged on a cirete3.  Contour of admission hreshold for the FCA-Qd$ = 40).
so that the boundary effect can be ignored. The nurtlEr of
distinguishable channels in the system is 40. We assume tQaiS threshold set on the handoff dropping probability is much
the call duration I/, = 500 s) is exponentially distributed. smaller than it should be. This results in a very low handoff
The time a call stays in a cell before handing off to anotheiropping probability”, and is undesirable since the capacity
(1/h = 100 s) is also exponentially distributed. We used this not being fully utilized.
same performance measure as the FCA-QoS, i.e., the new calor the DCA-Qo0S withPpq.s chosen to be one, the handoff
blocking probability”s and handoff dropping probabilit)?;.  dropping probabilityPp is almost the same as that for MP. This
The desired maximum tolerable handoff dropping probabilifg consistent with example three we considered in Section IV-B,

Ppgos is assumed to be 0.01. which means that the QoS is not enforced. Wigg,.s = 0.2,
. DCA—-QoS maintains the handoff dropping probability to be
B. Testing the QoS Threshalt.s close toPrnq.s more consistently than FCA-QoS whe?gq.s

The first purpose of the experiments is to test the validity ¢$ being used alone.
the derived QoS measure. Fig. 2 compares the handoff dropping L
probability P, among the FCA—QoS, MP and the DCA—Q0§' Admission Thresholds for DCA-QoS and FCA-QoS
under different QoS thresholds. For the case of the FCA-QoSOne way to compare the performance of the DCA-QoS and
Pqos is chosen to satisffges = Ppqos. Then the resulting the FCA—QoS is to show the admission thresholds obtained
handoff dropping probability’p is much smaller tha’pges.  from (2) for the DCA—-QoS and the FCA-QoS, respectively.
This is because our QoS thresh@le,.s) should include both ~ The admission threshold for the FCA-QoS is shown in Fig. 3,
Prqoes andPpqes as explained in Section IV. If not, the actuawhich reproduces the results in [5]. Th&-axis andY -axis of
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Gain of admission threshold: DCA v.s. FCA
T T

illustrated in the figure is getting bigger and bigger. This does

20 T T T T T T T T T T T T T T
s 1 not mean that the DCA-Qo0S outperforms the FCA-QoS in
180 ) 7 heavy traffic, since the de-numerator, the admission threshold

of the FCA-QOoS, is approaching zero then.

1 D. Performance of DCA-QoS and FCA-QoS

i To further assess the optimal performance of the distributed
1 admission control policy with the DCA-Q0S, and the advantage
1 ofusing the DCA-QoS compared with the FCA-QoS, we com-
| pare the performance of the DCA-QoS with that of MP and the
{ FCA-QoS under various traffic conditionBzqg.s = 0.2 and

1 Ppgos = 0.01 are used to set our QoS threshold given in (5),

k T andPpqo.s = 0.01is used as the QoS threshold for the FCA—0S.

Number of users in the right neighboring cell

- N WA O N ® ©
T

: The comparison of the DCA-QoS to MP and the FCA—Qo0S

{/\F o l A 0 4 under uniform traffic is shown in Fig. 5. In terms of the blocking
e e Al probability (Pp), it increases with the load for all three poli-

Number of users in the left nefghboring cell cies. MP always has the lowest blocking probability among the

Fig. 4. Contour of Admission Threshold Gain for the DCA-Qo0S over thghree pO|IC|eS, sm_ce no QoS is enforced to C,oerI the handoff
FCA—QoS(M = 40). dropping probability. The FCA-QoS has a highiés than the
DCA-QoS. This is because DCA makes more effective use of
channels. In terms of the handoff dropping probab{i ), the
DCA-QoS always has the lowest value among the three poli-
cies. ThePp for MP goes up with the load, since no QoS is en-
forced for MP. For both the FCA—QoS and the DCA-Q&’p,
saturates around the pre-defined valtg,.s. The DCA-Qo0S
always has a lower handoff dropping probabilfty, than the
FCA-QoS. In other words, QoS is better maintained by the
DCA-QoS. We think the reason for this is that a Gaussian ap-
proximation is used to approximate the overload probability for
the FCA—QoS [5], whereas a more accurate model is used in
this work to derive the overload probabilities in the DCA-QoS
as shown in Appendix C.

New call/Handoff call drop rates vs load per system basis

Calt Blocking/Dropping Probability
3
T

¥ + MP (handof To compare the performance of the DCA-QoS, MP, and
10 L keaasiemon| 4 the FCA-QoS under nonuniform traffic, the same simulation
—— DCA-QoS (new) . .
~t- DEA-GOS (handaff) was used. The new call arrival rate is set to be the same every
o , other cell so that the neighboring cells have a different new
10’ v arrival rate, and the ratio is two between the heavy and the light

Load per system basis (Ertang)

load# Figs. 6 and 7 show the new call blocking probability
Fig. 5. Comparison of DCA-Q0S to FCA-QoS and MP: uniform traffic{Pg) and the handoff call dropping probability’y) of the
“—" DCA-QoS; *— — —" FCA-QoS; * - -": MP. Three curves from the DCA-QoS, the FCA-QoS, and MP under nonuniform traffic,
top without "+ new call blocking probability”;. Three curves with + respectively. Similar to the results under the uniform traffic
handoff dropping probability?,, . p Y. _ )
MP has the lowesPs and the FCA-QoS has the highdt
) . ) _in both lightly loaded and heavily loaded cells. Referring to
Fig. 3 are the number of users in the left and the right neighig_ 7, in lightly loaded cellsP;, has almost the same trend for
boring cells, respectively. The admission threshold is the valygin the DCA-QoS and the FCA-QoS. In heavily-loaded cells,
of the nearest upper-right line to the reference point. For &gwever, the DCA-Q0S maintains a much better control on
ample, if the number of users in the left and the right neighboring, than the FCA-QoS does. Intuitively, this is because DCA
cells are two and three, since the nearest line to the upper-righk the ability to adapt to traffic variations automatically.
of the point (2, 3) has value 19, the admission threshold is 19.1g assess how much has been gained by the DCA-Qo0S as
Under heavily loaded traffic, i.e., when the number of users gympared to the FCA-QoS in terms of capacity, Table | com-
the left and the right cells approaching the number of chann@lgrestrlang load between the DCA-QoS and the FCA-QoS
assigned to those cells, the admission threshold will approggRenp, = 0.2, Pnaes = 0.01 and1/p = 500 s. We observed
Zero. _ o that the DCA-QoS consistently has a higher capacity than the
Fig. 4 shows the ratio of admission thresholds for théca_QoS under both uniform and nonuniform traffic. In par-

DCA-QosS to the FCA-QoS. From Fig. 4, we can find that thgylar, compared with the FCA-QoS, the DCA—QOS has the
gain of admission threshold for the DCA-QoS to the FCA-Qo0S

is ?—bOUt two Under light traffic. Under heavily loaded traffic, the 4t sheavy” oad here refers to the cells with a heavier load in the nonuni-
gain of admission threshold for the DCA—QoS to the FCA—QaGrm traffic, which is different from the heavy load discussed in Section VI-C.
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New call blocking rates vs load per system basis TABLE |

COMPARISON OF ERLANG LOAD WHEN THE
OVERLOAD PROBABILITY 1S0.01

107F Traffic Type | DCA-QoS | FCA-QoS | Gain (%)
Uniform 20.57 16.84 22.15
Non-uniform (Light) 13.94 10.71 30.16
1072 Non-uniform (Heavy) 20.37 17.41 17.00

such a way that a performance bound is provided on how well
DCA can possibly do under the given QoS constraint in the
given setting. Under the special cases, we found analytically

New Call Blocking Probability

ol - gg/j‘%%’sy)wgm) that the DCA is better than the FCA-QoS in light traffic con-
: —+- FCA-QoS (heavy) ditions. We have found empirically that the capacityEmang)
¢ A LN gain due to using the DCA is 17% to 30% under various traffic
- ‘ conditions. Although the results are derived from a 1-D system,
10 1 they serve the goal of providing a systematic way of bounding

Load per system basis (Erlang)

the performance of DCA with QoS. The approach we have used

Flg 6. Comparlson of DCA —QoS to FCA QoS and MP: Nonuniform Trafficin this work can be readily extended to 2-D systems with in-

—": DCA-QoOS; “— — —": FCA—-QoS; “ - -": MP. Curves with “+": Heavily
loaded; curves without+": Lightly Ioaded creased computational complexity.

Handoff call drop rates vs load per system basis A PPENDIX A
' ‘ o PROOF OFTHEOREM 1
e
o | Since both eventé)EL)(tl) andOER)(tl) depend onV;(¢;),

we can use the conditional probabilities to

P (t1] o)
—Pr { O (£,) U O (1) ‘ Ai(to)}

Handoff Call Dropping Probability

107F M
= ZPr{{Nz—l(tl) > M — If}
ol k=0
U{Nig1(t1) > M — k}| Ai(to), Ni(t1) = k}
+ [TTMP gy ]
by Pr{di(t1) = k| Ai(t0)}
2 o0 ign) | M
—t— DCA-QoS (heavy, = Z Pr{{Nz—l(tl) > M - k}
107° . k=0
e Load per system basis (Erlang) 10 U {Ni‘f'l (tl) > M - k} | Al(to)}
“Pr{Ni(t1) = k| Ni(to) = ni(to)}
Fig. 7. Comparison of DCA-Qo0S to FCA—QoS and MP: Nonuniform traffic. M '
“—" DCA-QoOS; “— — —": FCA-Qa0S; “ - -": MP. Curves with “+": Heavily
loaded; curves without+": Lightly loaded. =1- ZPr{{Nifl(tl) <M -k}
k=0
. . . . . o N{Ni1(t1) S M =k} [ Ai(to)}
highest gain of 30% in capacity for nonuniform traffic at lightly Pr{Ni(t1) = k| Ni(to) = ni(to)} (26)
: i\l1) = o) = Nni(To)ys.

loaded cells. This is because the DCA is effective to adapt to
channel allocation to nonuniform traffic and works the best Since the number of calls in different cells are assumed to be
under light load. When the load is heavy, the gain reducﬁ*ﬁiependerﬁt
to 17% since the heavy load leaves a little for dynamically
allocating the channels. Pr{{Ni_1(t;) < M — kY N {Niy1(t1) < M — k| Ai(to)}
= PI‘{Ni_l(tl) S M — k‘ | A7(t0)}

In this work, we have analyzed the performance of distributed Prifiliy) < M= K| 4ifto))

I ’ . A = Pr{N, < M — k| N, =n,;

admission control with DCA and QoS provisioning in cellular Pr{Ni_1(t1) < M = k| Ni—1(fo) = ni-1(fo)}
environment, where co-channel reuse distance is considered as “Pr{Nip1(t1) < M — k[ Nig1(to) = niy1(to)}
the only limiting factor to channel reuse. We have first derived = F;_{(M — k) - F;41(M — k) (27)
a novel QoS threshold that maintains the QoS on handoff drop5S|nce we use infinite number of channels to estimate overload probability,

ping probabilities consistently under both uniform and NONUNjere product form solution is available in spite of the existence of handoff, it
form conditions. We have then investigated the DCA-QO0S ifireasonable to assume that number of calls in different cells are independent.

VIIl. CONCLUSION
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1

and ' ;
F,‘Jk)
Pr{N;(t1) = k| N;(to) = ni(to)} = Fi(k) — Fi(k — 1). osr - ge))((';)) T
(28)  osl : |
By putting (27) and (28) into (26), we have il |
06 4
M
POt [to) =1 Fioa(M — k) - Fiya (M — k) ‘
k=0 0.4+ E
(Fi(k) = Fi(k = 1)), |
Q.E.D. oz
0.1k 4
APPENDIX B / / / l . .
PROOF OF THEOREM 2 % 2 % 3 w0
The theorem can be proved based on our assumed traffi¢ 8. Comparison ofF;(k), F{™ (k) and F{¥(k) (M = 40).
model. “— Fi(k); = — ="t F{7(k); *---" F{(k). From left to right:
SincePr{N;(t1) = k| N;(to) = n:(to)} can be written as Nilto) = 9,16, 23.
Pr{N;(t1) = k| N;(to) = ni(to)} ' ' F(P’(k)I—F(k)
= Pr{N;(t1) — N;(to) = k — n;(to) | Ni(to) = ni(to)} T AR
= Pr{AN;(to) = k — ni(to) | N;(to) = ni(to)}
where AN;(to) 2 N;(t1) — Ni(to) is the number of user ) |
changed front, to ¢;. Meanwhile, AN;(¢o) is the difference 1
between the number of users entering and leavinggeduring | | : ]
the periodZ’, which, based on th®oissonand independent \ !
assumptions, are independently distribuRaisson with rate 008y . F\\ /
expressed in (14) and (15), respectively. o P o
A result is given in [9] for a subtraction of tw&oisson i
random variables. LeK andY be two independenoisson -1 W ]
random variables with the mea# andg?. Then onak v
'
Pr{X Y = k} — e*(f"f'(l)t(p/q)%jlkl(zt\/p_q) 0185 s s 1 2 2 2 » 40
. . Fig. 9. Approximation error ta;(k) (M = 40,N:(t,) = 16). "—"
for k being an integer, where FPV k) = Fy(k); “— — —" F'(k) — Fy(k).
- 1 o\ 2tk o . . .
Ii(x) = - - (_) Ni(to)'s (j = ¢ — 1,4,i + 1), we will take \;/pp = 30,
7;() mil(k +m + 1) \2 N;_1(to) = N;11(to) = 16 in the rest of this section.

Fig. 8 illustrates the cumulative distribution functions of
is the modifiedBesseffunction of the first kind. For the case F;(k), £ (k) and F{“)(k) when N;(to) = 9,16, and 23
we consider thaf{ andY” correspond to the number of usergfrom left to right). The solid lines, which are obtained through
entering and leaving the cell; during the period’. This com- Theorem 2, are exact cumulative distribution functiofgk)).

pletes the proof of Theorem 2. Q.E.DThe dashed lines are througRoissonlike approximation
(Fi(P)(k)). The dotted lines are from th&aussianapprox-

APPENDIX C imation (Fi(G)(k)). Fig. 9 gives the errors oPoissonlike

THE ACCURACY OF POISSONLIKE APPROXIMATION approximation an@aussiarapproximations forV;(to) = 16.

It is observed from the two figures tha&oissonlike ap-

To illustrate the validity ofPoissonlike approximation to proximation is more accurate thaBaussian which always
Pr{Ni(t1) = k| Ni(to) = ni(to)} expressed in Corollary 1, ynderestimates the actual cumulative distribution functions.
we compared the cumulative distribution funlgtlons obtaingshissonlike approximation is very accurate except for a couple
through Theorem 2(F;(k)), Corollary 1 (F\"(k)), and of points close to the initial pointNV;(ty) = 16). The nice
Gaussian approximatiof¥. < (k)) [5]. Since Fy(k), FL" (k) property of such an approximation is that the cumulative errors
and Fi(G)(k) are similar for different values ok;, i, h, and made close to the initial point is complementary.
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APPENDIX D 4 =1i— 1,44+ 1. Equations (29) and (30) will become (19)
PROOF OFEXAMPLE OF LIGHT TRAFFIC and (20).
For the FCA-Q0S, by inserting (18) into (17), we have
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