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Realistic Cell-Oriented Adaptive Admission Control
for QoS Support in Wireless Multimedia Networks

Jae Young Lee, Jin-Ghoo Choi, Kihong Park, and Saewoong Bahk, Member, |IEEE

Abstract—An important quality-of-service (QoS) issue in
wireless multimedia networks is how to control handoff drops.
In this paper, we propose admission-control algorithms that
adaptively control the admission threshold in each cell in order
to keep the handoff-dropping probability below a predefined
level. The admission threshold is dynamically adjusted based on
handoff-dropping events. Wefir st present a simple admission-con-
trol schemethat brings out an important performance evaluation
criterion—intercell fairness—and serves as a reference point. We
then investigate the intercell unfairness problem and develop two
enhanced schemes to overcome this problem. The perfor mance of
these protocolsisbenchmarked and compared with other compet-
itive schemes. Theresultsindicate that our schemes perform very
well while, in addition, achieving significantly reduced complexity
and signaling load.

Index Terms—Adaptive control, handoff, intercell unfairness,
probabilistic quality of service (QoS) guarantee.

I. INTRODUCTION

HE MOBILE USER population has been growing at a

rapid rate. More recently, the demand for multimedia ap-
plications requiring high bandwidth, such as video, image, and
interactive Web information, hasincreased. The current trend in
wireless networksisto decrease cell sizes—microcells or pico-
cells—to provide higher capacity and accommodate more users
in agiven area. Small cell sizes, however, cause more frequent
handoffs, resulting in increased variability and burstiness of net-
work load and traffic conditions. This, in turn, has amplified
the difficulties associated with quality-of-service (QoS) provi-
sioning in wireless networks [1].

An important QoS issue in wireless networks is how to con-
trol handoff drops. When a mobile movesinto an adjacent cell
during a session, a handoff occurs and the mobile can com-
muni cate continuously through the new base station (BS). The
handoff could fail, however, if available bandwidth in the new
cell isinsufficient, which leads to handoff drops. Handoff drops
are generally considered to be more detrimental to network per-
formance than new call blocks. Thus, strategies for prioritizing
handoff calls vis-a-vis new calls are needed, for instance, by
maintaining bandwidth reserves for future handoffs. The con-
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cept of bandwidth reservation for handoffs was first introduced
in the mid-1980s [2]. Since then, various strategies that assign
priority to handoffs have been studied [3]{19].

Idedlly, no handoff drops are desirable. This, however, re-
quires that the network reserve bandwidth in all cells that a mo-
bile might passthrough, resulting in potentially lower utilization
and/or higher new call blocking probability (7). To achievein-
creased efficiency, several approaches have advocated providing
probabilistic QoS guarantees by keeping the handoff-dropping
probability (P;) below acertain level [8], [11], [13], [14], [17],
[18].

In [8], the admission threshold needed to satisfy a QoS con-
straint is cal cul ated based on the number of usersin the current
cell and adjacent cells, given the probability that amobile would
handoff within sometimeinterval. A drawback of thisschemeis
that it does not specify how to predict user mobility, which plays
an essential role in the proposed method. Moreover, the model
assumes exponential distribution of the cell-residence time. In
[11], a technique to compute the reserved bandwidth to main-
tain P; within a specified level is proposed. However, as with
[8], itisassumed that the cell residencetimeisexponential. This
weakensthe advanced conclusions since it has been shown that,
in practice, cell residence time may not be exponentialy dis-
tributed [21].

In [13], the shadow cluster concept has been used to estimate
future resource requirements and perform admission control in
order to limit P;. In this method, mobiles inform neighboring
BSs of their bandwidth requirements and movement patterns at
the call setup time. Based on this information, BSs predict fu-
ture demands and admit only the mobiles that can be supported
adequately. The drawbacks of this scheme are that precise user
mobility needs to be known a priori—an impractical assump-
tion—and requires the exchange of alarge number of messages
among BSs, which can exert asignificant overhead costin wire-
less networks.

A method for predicting user mobility has been presented re-
cently in [14], which uses a predictive bandwidth-reservation
schemeto provide probabilistic QoS guarantees. Thismethod is
based on the observed history of mobility information, whichis
used to calculate the reserved bandwidth. Although this method
does not rely on potentially unrealistic assumptions, it suffers
the drawback of high complexity and implementation overhead
[20]. Another scheme, in[17], al so uses user mobility prediction
to guarantee the handoff-dropping probability below a target
value, where the prediction algorithm is derived by data-com-
pression techniques. Bandwidth is reserved based on the mo-
bility prediction and, in turn, the reservation level is adaptively
controlled by monitoring handoff-dropping events.
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Prediction-based schemes, such asin[14] and [17], use com-
plex mobility prediction techniques, but the actual reservation
level isindirectly adjusted according to dropped handoff events.
Asthey do not rely on prediction for their final decision, we are
motivated to exclude the mobility prediction part from the al-
gorithms. This means that we try to obtain the optimal reserved
bandwidth by directly controlling the reservation level without
access to user mobility information.

We emphasize that several previously proposed schemes are
based on user mobility information. We call these mobile-ori-
ented reservation schemes. If the design goa is to minimize
handoff drops, user mobility information must be used to re-
serve bandwidth by predicting mobiles” handoff times and next
cell movements. However, if the goal isto keep P, below acer-
tain target level, thismay be effectively achieved without access
to user mobility information since a handoff drop is, to alarge
extent, a cell-oriented event: a handoff drop occurs when a cell
is overloaded, which can be controlled for arange of P; > 0 by
dynamic control of reserved bandwidth.

A practical cell-oriented scheme wasintroduced in[18]. This
method determines the amount of reserved bandwidth by the
largest of all the requested bandwidthsfrom adjacent cells. After
some bandwidth isreserved, itsvalueis dynamically adjusted at
each cell to keep P; below atarget value. This, however, gives
rise to a potentially seriousintercell unfairness problem, which
can significantly impede system utilization and performance.

In this paper, we consider intercell fairness with respect
to its role as a relevant performance evaluation criterion for
adaptive admission control and handoff in wireless mobile
environments. In tandem, we propose new agorithms that
effectively address the intercell unfairness problem in the
context of cell-oriented adaptive admission control, which
does not require user mobility information. We combine a
simple admission test with an adaptive algorithm to adjust
the admission threshold in each cell. The proposed scheme is
able to provide probabilistic QoS guarantees while achieving
high channel utilization at the same time. Since our protocol
is simply based on handoff-dropping events at each cell—and
not on individual calls mobility—it has significantly lower
complexity than mobile-oriented methods.

The rest of this paper is organized as follows. Section Il de-
scribes the system model and presents a simple admission-con-
trol scheme, which introduces the intercell fairness issue and
servesasareference point. In Section I11, we present an analysis
of the intercell unfairness problem. In Section IV, we consider
two enhanced protocols to overcome the unfairness problem. In
Section V, we give a detailed discussion of existing practical
methods advanced in [14] and [18], putting our schemes in a
comparative perspective. Section VI presents simulation results
of our three proposed schemes and compares our best one with
existing protocols. We conclude with a discussion of our ap-
proach and results.

Il. SYSTEM MODEL AND SIMPLE ADMISSION CONTROL

We consider a mobile network with a cellular infrastructure.
We assume that the system uses a fixed channel allocation
(FCA) schemeand acell, i, has capacity C(7). Also, the service
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1. Sp = [1/Pqos]; Lp = Sp;

2.7 =0; Sup =0; Ly =0; Lyp = 0; T = Tinis;
3. WHILE (time increases)

4. IF(a mobile handoffs into the current cell) THEN
5. Sy =8uy+1;, Ly =Ly +1,

6. IF(it is dropped) THEN

7. Sup =Sup+1; Lup = Lup + 1;
8. IF(Lrp > 1) THEN

9. Lp =Lp+ Sp;

10. T =maz(T — d, Tmin);

1. IF(Sg == Sp) THEN

12. IF(Sup < 1) THEN

13. T = min(T + d, Tmaz);

14. Su=0; Sup =0;

15. IF(Ly == Lp) THEN

16. Ly =0, Lyp =0; Lp = Sp;

Fig. 1. Adaptive-control agorithm (A1).

model accommodates multiple classes of traffic (e.g., voice and
video). Let BU denote the bandwidth unit and assume that 1
BU isrequired by avoice call.

A. Admission-Control Test

A new call setup request is accepted into cell  through the
following admission test named T1:
C.(1) + Bhew < T(i)

@

where C, (i) is the allocated bandwidth of cell 4, By IS the
required bandwidth of the new call ;and T'(¢) is the admission
threshold of cell 7. The latter satisfies T'(¢) < C(7). Thisindi-
cates that a new call request is accepted if the allocated band-
width plus the new call bandwidth is less than or equal to the
admission threshold. In the case of a handoff call, it is accepted
if there is bandwidth available to accept the handoff call with
bandwidth requirement Bhandos- That is

Ca (Z) + Bhandoff S C(Z) (2)

Thisadmission test gives priority to handoff callsover new calls
and C(i) — T'(i) can be interpreted as the reserved bandwidth
for handoff calls at cell i.

B. Adaptive-Control Algorithm to Adjust the Admission
Threshold

There might exist an optimal steady-state admission
threshold T, (¢) at cell ¢ for a specific traffic load and user
mobility.l Here we use the term “optimal” in the sense of
maximizing (minimizing) utilization (P,) while keeping P,
below a target value Pg,s. If the admission threshold 7' is
below T, utilization can be improved by increasing 7. On
the other hand, if 7" is above T, 7" must be decreased to keep
P; below Pgos. The problem is how to adjust 1" as close as
possible to, but not over, 1,,. First, we describe an adaptive
algorithm to adjust the admission threshold based on monitored
handoff drops at each cell. Fig. 1 shows algorithm A1, executed
by the BS of each cell in a distributed manner. Here, we use
Trin @nd Ty« to represent the range of 7', which is given by
0 S Tmin < Tmax S C.

Iwe will drop theindex 7 for notational simplicity when the referenceisclear
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Fig. 2. Illustration of the behavior of Al.

The main idea in the adaptation is to monitor handoff-drop-
ping events over both the short- and long-term. The objective
of long-term monitoring is to keep P; below Pqg.s, whereas
short-term monitoring is used to maximize utilization. The
short-term period? Sp is given by the number of handoff
attempts, [1/Pqos]. The counts for the short-term handoff
attempts, Sy, and handoff drops, Sgp, are reset to 0 at the
start of each period. The long-term period, L p, is determined
by handoff attempts as Sp x max(Lgp,1), where Ly p is
the count of the long-term handoff drops. The counts for the
long-term handoff attempts, Lz, and handoff drops, Ly p, are
reset to O at the start of each long-term period. At initialization,
Lp issetto Sp. The system is aways in one of two modes:
normal mode or QoS recovery mode.

We show the behavior of Al by the state diagram in Fig. 2.
The state transition occurs whenever ahandoff isrequested. The
solid (or dotted) arrow represents state transition when a handoff
request is accepted (or rejected). In the diagram, “I F condition
THEN action” is briefly denoted as*“ condition/action.” An ac-
cepted (or rejected) handoff request increases Sy and Ly (or
Su, Ly, Sgp, and Lgp) by one, respectively. In the initial
state, Sy = Sgp = Ly = Lgp =0 and Lp isequal to Sp.
Inthe state s, Ly p is¢ and Lp isi times Sp. When the system
isin the normal mode, the handoff drop probability is less than
or equal to the required value Pq.s. In the QoS recovery mode,
on the contrary, since the drop probability temporarily exceeds
Pqos, wetry to satisfy the required QoS by decreasing 7'. The
following gives detailed explanations for the two modes.

1) Normal Mode: When one or no handoff drop occurs for
thefirst Lp (= Sp) handoff attempts, the system isin normal
mode. In norma mode, the dropping probability is

Lup _ 1 1

P —= — =
d Ly — Lp Sp

~ PQOS- (3)
Hence, P; during this period is kept below Pqos. If no handoff
drop has occurred, it islikely that 7" < T5,¢. So 1" isincreased
by a predetermined step size d. In normal mode, the long-term

2The period is determined not by the length of time, but by the number of
events that the system monitors.

— Accepted b/o

,,,,,,,, > Rejected h/o

period ends with the short-term period and the system state im-
mediately goes to the initial state.

2) QoSRecovery Mode: When more than one handoff drop
occurs for the first Lp handoff attempts, the system enters the
QoS recovery mode. In thismode, Lp isincreased by Sp and
T is decreased by d whenever a handoff drop occurs. QoS re-
covery mode goesto theinitia statewhen Ly = Lp. Whilethe
first period shows higher short-term dropping probability than
the target value, the overall long-term dropping probability is
maintained at the target value

Lyp = Lwp _ 1
Sp

Lp  SpLup

Lup
P, = =
“= T

~ PQoS- (4)
Thisismade possible by decreasing 7" whenever a handoff drop
occurs. By doing so, 7" will approach T,,,. within some bounded
time. By adopting this conservative policy, QoS recovery mode
ends within a bounded time.

Another policy to be considered in QoS recovery modeisre-
garding when to increase 1'. It is possible for a conservative
policy to increase T' only after along-term period ends. We do
not, however, adopt this policy because T' can be decreased too
much for the following reasons: (1) the effect of the decreased
threshold is not shown immediately, because it takes sometime
for existing calls to depart the residing cell either by handoff
or by completion and (2) handoffs may occur in a burst even
whenT = T,,.. An alternative, more aggressive policy in Alis
toincrease T' when no handoff drop occurs during a short-term
period, even if along-term period has not ended. Combining the
conservative threshold-decreasing policy with this aggressive
increasing policy results in a dightly less conservative policy.
Note that 7' is still decreased when one handoff drop occurs
during a short-term period in QoS recovery mode. By doing so,
we are trying to adjust T" as close to, but not exceeding, 7o

Now let us consider theincrement/decrement step size d. If it
istoo large, it may result in an over-reaction, i.e., oscillation be-
tween over- and underreservation. If it istoo small, on the other
hand, it may result in an under-reaction. Hence, the magnitude
of d must be carefully chosen. It is possible to have a different
step size for each class. We, however, apply an equal step size
to al classes, considering that we should reserve bandwidth for
future handoff calls but do not know which class of calls will
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Fig. 3. Lower bound of the dropping probability.

arrive next. In generd, if there are M classes of traffic, the step
size

M
d= Z F,B; (5)
1=1

isfound to be areasonabl e choice through extensive simulations
where F;; isthefraction of class: call requestsand B; isthere-
quired bandwidth of aclass: call. F; may be determined from
the traffic history available at a BS. If a particular traffic class
k isdominant, d is amost the same as B;,. The admission-con-
trol scheme, which uses the admission test T1 with the adaptive
algorithm A1, will henceforth be referred to as AC1.

AC1 can be, with minor modifications, applied for non-
real-time (or data) traffic, though it is mainly designed for
real-timetraffic. A datacall can also require acertain amount of
bandwidth, say the required minimum bandwidth of miny,, and
the (wishing) peak rate of max,,, to achieve its performance.
It must receive at least the bandwidth of min,,, once accepted
and generated packets over this rate will be buffered at either
the BS or mobile termina. If there exists more bandwidth
available, the user can transmit data at the rate of up to maxy,,.
At present, data traffic usually uses the best effort service,
which does not require any specific bandwidth, i.e., ming,, = 0
and max,, = unknown. In this case, when there is no free
bandwidth, the network can accept the call instead of dropping
it. The network just keeps the connection information and
allows the data call to increase its rate whenever the channel is
available.

When real-time and data traffic are competing, the network
alocates miny,,, for datatraffic. A new datacall will be accepted
when condition (1) is met, where B,,.,, iS miny,, of the new
datacal. C,(7) isthe sum of alocated bandwidth for real-time
traffic and min,,, for data traffic. Note that C,(¢) does not re-
flect the actual link utilization, because it just counts miny,, of
datacalls. A handoff data cal is accepted when condition (2) is
met, where Byandos 1S ming,, of the handoff datacall. C, (i) is
the same as the above. If miny,, for the handoff call is not avail-
able, the call will be dropped and the handoff drop counts, Sy p
and Ly p, will be increased by one, respectively, since the re-
served bandwidth is insufficient. This indicates that miny,, for
datatraffic has the same meaning as the required bandwidth for

3. WHILE (time increases)

* IF(receive decrease-T message) THEN

* IF(T > avg. T of adjacent cells) THEN

* T = max(T — d, Tmin);

* IF(receive increase-T message) THEN

* IF(T < avg. T of adjacent cells and QoS_state==IN)

THEN

* T =min(T + d, Trmaz);

8. IF(Lpp > 1) THEN

9. Lp=Lp+ Sp;

10. T =maz(T — d, Trmin);

* : send decrease_T messages to adjacent BSs;
* QoS_state=0OUT,

11. IF(Sgy == Sp) THEN

12. IF(Syp < 1) THEN

13. T =min(T 4+ d, Trmaz);

* send increase_T messages to adjacent BSs;
14. Sy =0; Sgp =0;

15. IF(Ly == Lp) THEN

16. Ly =0;Lyp =0; Lp = Sp;

* QoS _state=IN;

Fig. 4. Enhanced adaptive-control algorithm (A2).

IF P; # 0 THEN
IF P; > thres_up: X Pgos THEN
R = min(up; X R, Rmaz)
/* increase the size of reserved bandwidth by upi (> 1) */
ELSE
IF P; < thres.down; X Pgo,s THEN
R =downi x R
/* decrease the size of reserved bandwidth by dowmn
(0 < down, < 1) */
ELSE /* Py =0 */
IF Ur > thres_up> THEN
R = min(up2 X R, Rmax)
/* increase the size of reserved bandwidth by upz(> 1) */

ELSE
IF Ur < thres_down; THEN
R = downs X R

/* decrease the size of reserved bandwidth by downs
(0 < downy < 1) */

Fig. 5. Adaptive-control algorithm of OKS98.

real-time traffic. When extra bandwidth is available, it will be
used by currently active data calls and later occupied by newly
arriving real-time or data traffic of ming,,.

As there exist many possible mechanisms of scheduling and
resource management for combining data and real-time traffic,
we do not investigate them further in this paper.

1. INTERCELL UNFAIRNESS PROBLEM

When the offered load is light or the user mobility low, AC1
works well. However, when the offered load is heavy and the
user mobility is high, an undesirable situation can happen.
When a BS dynamically adjusts its admission threshold re-
gardless of the state of its adjacent base stations, asin AC1, an
intercell unfairness problem arises, which can adversely impact
performance [14]. In this section, we analyze this problem
more closely. It is important to note that this is a universal
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Fig. 6. Simulated cellular network topology.
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Fig. 7. Comparison of AC1, AC2, and AC3 with high mobility and F; = 1.0.

phenomenon that is shared by all schemes that dynamically
adjust the admission threshold (i.e., reserved bandwidth) [8],
[11], [14], [18].
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Fig.8. Statusof each cell at the end of the simulation with offeredload = 3.0,
high mobility, F; = 1.0, and Pqos = 0.001.

Intercell unfairness is defined as the imbalance of admission
thresholds among neighboring cells above and beyond those
dictated by the optimal values T, (7). Specifically, when inter-
cell unfairness occurs, the P; values of some cells are not kept
below Pq.s, even with extremely low T values, while the Py
values of other cells are kept below Pq.s, even with high T”s.
Thisis “unfair” to cells with low T"s, because aimost all new
calls are blocked in those cells.

The fundamental reason for this unfairnessis that a cell can
be overloaded both by (1) new calls and (2) incoming handoffs
cals. (1) isrelated to the T value of the current cell, whereas (2)
isrelated to theT" values of adjacent cells. We will show that ad-
mission-control schemes that consider only (1) are susceptible
to the unfairness problem. We use the following assumptions?
in the analysis of the intercell unfairness problem:

e asingle class of traffic;

« thearrival process of new callsis Poisson withrate \,,;

« call duration is exponentialy distributed with mean 1/ ;

« the unencumbered cell-residence time# is exponentially
distributed with mean 1/+;

30ur admission-control schemesdo not make use of any of these assumptions.
4Cell-residence time for a call that will be handed over.
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« the capacity of each cell isC.

Under these assumptions, the probability distribution function
of the cell-residence time? is given by (see[19])

HC(1) =1 — e F77, (6)
The probability that a mobile will handoff withintime 7 is
H(r) = —1—(1 = =7, Y

oty

Let Py, ., bethe probability that amobile will handoff from an
adjacent cell j into atest cell 4 given that a handoff occurs and
let M;(t) bethe number of mobilesin an adjacent cell j at times
t. Then, the instantaneous handoff arrival ratein cell ¢ at time ¢
is

Z H(T)Mj(t)PHj—w‘

An(t) = lim 252
T—0 T
= Z ’YMj(t)PHj—m' (8)
JEA;

5The probability that a mobile will either handoff or completein the residing
cell within time .
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Fig. 10. C, versustimein cell 0in AC2 and AC3 with offered load = 3.0,
high mobility, and F;, = 1.0.

Let M; and ), bethetimeaveragesof M (t) and Ay (¢), respec-
tively. Then

A= > YM;Py, ..
JEA;

©)

By approximating the handoff call arrival by a Poisson process
with rate A\, we can model the number of callsin cell < asa
continuous time Markov chain. It is straightforward to derive
the dropping probability when the admission threshold is T

CLTbC_T
C!
where o = (A, +,\%)/ p+y), b= Ah/(u+v),ano|zo0 =

(Xheola ’“/k' )+ S (T T /E)) L If weset T at O,
P, is lower-bounded by
[e'e) bk -1
E =
k=0

b (S e
a\&w) ~a
(11)

To evaluate the effects of the utilization of adjacent cells and
user mobility on this lower bound, we assume that a mobile
handoffs into adjacent cells with equal probability. Then, A\, =
¥M 4, in (9) where M 4, is the average number of mobiles in
the adjacent cellsof cell i. Let U 4, bethe average utilization of

Py(T) = Py (10)

bC

—b
—e
C!

Py(0) =
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Fig. 11. Comparison of aggressive and conservative policiesin AC3 with high
mobility and F;, = 1.0.

adjacent cellsof cell i (i.e., U, = M 4,/C). Also,let p = b/C
and H = ~v/u (H can be interpreted as the average number of
handoffs). Then, we obtain

N
P=CTH+1

(12)

The parameter p is related to both the user mobility and uti-
lization of adjacent cells. Thelarger H (i.e., high mobility) and
closer U 4, approaches 1 (i.e., overloaded adjacent cells) the
closer p approaches 1. Fig. 3 shows the lower bound of P;(0)
versus p. When p exceeds a certain value, the lower bound of
P,(0) exceeds some target value, say 0.01. In other words, no
matter how the BS of cell i decreases its threshold, it cannot
provide a probabilistic QoS guarantee.

An example scenario for the unfairness problem is given as
follows. Assume high mobility and uniformly heavy load con-
ditionsfor all cells. The systemisat equilibrium if the threshold
values of al cells are similar, while keeping P; below a target
value. In this situation, multiple handoff drops could occur in a
cell, say cell 4, for example, due to burstiness of handoff events.
The BSof cell ¢ will start to decrease T'(4). Until the decreased
T becomes effective, incoming handoffs will be continuously
dropped, triggering further decreases of 7°(¢). During thistime,
newly requested calls in cell 7 will be blocked, because of the
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Fig. 12. Comparison of aggressive and conservative policies in AC3 with
nonuniform loading, high mobility, and F;, = 1.0.

overloaded cell condition and decreased threshold (i.e., C, (z) >
T(7)). Cell i may bestill overloaded withincoming handoff calls
rather than new calls. However, handoff calls have less chance
to handoff than new calls, since they have already passed some
cellsand have limited call durations. That is, handoff calls have
more chance to terminate in the residing cell than the new calls
that originate from that cell. Thus, outgoing handoffs from cell
1 decrease, contributing to fewer handoff dropsin adjacent cells
A; 8

Some BSsin A; may increase their 1" s, thus admitting new
calls. Some of these newly admitted callswill soon handoff into
cell 4, causing even more handoff dropsin cell ¢ and triggering
further decreases of T'(i). Even if T'(¢) is decreased down to 0,
the system still may not keep P, below atarget value. However,
insomecellsof A;, dueto the decreased incoming handoffs, the
P;'s may be below the target value even with high thresholds.
The aforementioned qualitative sketch illustrates how the inter-
cell unfairness problem can manifest itself.

Let us see this in a quantitative manner in a simple two-cell
network. Each cell is denoted by 1 and 2, respectively. Then the
handoff arrival rates are given by

An1 =YMa = yM (T3, A2, An2Co)

w2 =YMy = yM(Ty, Ap1, A1, Ch). (13)

6This effect can be pronounced in aone-dimensional cellular structure where
acell is adjacent to only two other cells.
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Bursty incoming handoffs will decrease 7" of a cell, say cell 1,
which results in the decreased handoffsinto cell 2 as

Ohn2  OM,
oy~ ory

Most adaptation algorithms decrease 7' to maintain P, below
Pqos for increased incoming handoffs. That isto say

(14)

ITy
<0 15
g = (15)
holds. From (14) and (15) we obtain
OTy
—= < 1
o1y — 0 ( 6)

which manifests the intercell unfairness issue. This means that
two neighboring cells show the tendency of taking the opposite
way inincreasing or decreasing 1" values. Then a positive feed-
back loop can be closed by

Odnt 0.
o1y —

(17)

IV. ENHANCED ADMISSION CONTROL

We consider two complementary extensions to solve the un-
fairness problem. One is to modify the admission test and the
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Fig. 14. Comparison of AC3 and CS98 for varying the offered load— high
mobility and 4 BU of video bandwidth.

other to modify the adaptive-control algorithm. Both take into
account the current and adjacent cells together.

A. Enhanced Admission Test

We modify the admission test T1 asfollows’ and nameit T2.

1) Check if Cy (%) + Bnew < T(3).

2) Fordl jeA;, check if C,(5) < T(4).

3) If both conditions are true, the new call is admitted.
In thistest, if any of the adjacent cells are overloaded, the cur-
rent cell blocks a new call request, even if it is not overloaded.
In other words, when acell is overloaded, new call requests are
blocked in all adjacent cells. By doing so, the continuous hand-
offs into the overloaded cell can be reduced. Here, we assume
that user movement information is not available.2 The admis-
sion-control scheme that uses T2 and Al is named AC2.

B. Enhanced Adaptive-Control Algorithm

Another method to solve the unfairness problem is to modify
the algorithm A1l. As was explained in Section I, if acell is
overloaded and multiple handoff drops occur, it is not sufficient

7A similar method can be found in [8] and [14].

8)f the next cell into which the newly requested call will handoff can beknown
apriori, only the next cell needs to be checked.
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Fig.15. Comparison of AC3 and CS98 for varying the portion of voicecalls—
high mobility and 4 BU of video bandwidth.

to decrease only the threshold of the current cell—the thresh-
olds of the adjacent cells must be decreased to reduce incoming
handoffs. In order to compensate for too much threshold reduc-
tion and maximize the utilization, the thresholds of the adja-
cent cells should be properly increased when the threshold of
the current cell isincreased. So the basic ideais to decrease, or
increase, the thresholds of adjacent cells along with that of the
current cell. Fig. 4 shows the enhanced algorithm named A2.
The* indicatesthe newly inserted lines. Whenthe BS of cell ¢
decreasesitsthreshold, it sendsdecrease T messagestothe BSs
of A;. Whenthe BS of acell j (¢ A;) receivesthis message, it
decreases 1" if the normalized threshold® is higher than the av-
erage normalized threshold of adjacent cells. Thus, the thresh-
olds of some adjacent cellsthat “appear” to have higher thresh-
olds are decreased. Likewise, whenthe BS of cell 7 increases T,
it sends increase T messages to the BSs of A;. When the BS
of cell j receives this message, it increases 71" if the normalized
threshold is lower than the average normalized threshold of ad-
jacent cells and if its QoS state is IN, which indicates that the
long-term QoS is satisfied, i.e., P, for the long-term is below
the target value. Thus, the thresholds of some adjacent cellsthat
“appear” to have lower thresholds are likely to be increased.

9The threshold normalized by the cell capacity, i.e., T(,j) =T()/C>).
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Fig. 16. Comparison of AC3 and CS98 for varying the bandwidth of the video
call—high mobility and F;, = 0.7.

These increases and decreases will result in the soft balancing
of thresholds among neighboring cells, aleviating the intercell
unfairness.

However, in some cases such as nonuniform loading condi-
tions, it would be better for cellsto have different thresholds. A2
consider these cases aswell. Assume a cell 7 is heavily loaded
and adjacent cells A; are not. Then, cell 7 is more likely to be
overloaded and have more handoff drops than A;, causing the
decrease of 7'(4). In fact, this decreased T'(4) iscloseto Typ (7).
The averaging effect, however, will not increase T'(i) above
Topt(7), since T'(i) is increased only if the long-term QoS is
satisfied. In addition, if it isabove T, (i), Py(4) will be higher
than Pg.s, making the adaptive algorithm decrease T'(7) prop-
erly.

The above definition of QoS state is a conservative policy.
By defining it differently, an aggressive policy can be created.
Let us define the QoS state to be in IN when no handoff drop
occurs during a short-term period, even if the long-term QoSis
not satisfied.20 We will compare the aggressive policy with the
conservative policy in Section VI-B. Unless stated otherwise,
the algorithm A2 obeysthe conservative policy. We will refer to
the admission-control scheme that uses T1 and A2 as AC3.

10405 _state = IN" isincluded between lines 12 and 13 in the code.
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V. EXISTING ADMISSION-CONTROL SCHEMES

In this section, we give a brief overview of existing practical
admission-control schemes advanced in [14] and [18] for per-
formance-comparison purposes. We will call the schemein [14]
CS98 and that in [18] OK S98. Both methods use adaptive band-
width reservation to keep P; below atarget value.

A. C08 Method

CS98 is considered as a representative mobile-oriented
scheme. Its authors compared their scheme with other existing
mobile-oriented schemes and concluded that CS98 performs
better, with reasonable complexity, in [20]. In CS98, a predic-
tive and adaptive bandwidth-reservation scheme is employed.
First, user mobility is estimated, based on an aggregate history
of handoffs observed in each cell. This user mobility infor-
mation is then used to (probabilistically) to predict mobiles
moving directions and handoff times by Bayes estimation.
Each cell calculates the bandwidth to reserve by estimating the
total sum of fractional bandwidths of the expected handoffs
within an estimation time window Test. Test IS adaptively
controlled for the efficient use of bandwidth and effective
response to time-varying traffic/mobility and inaccuracy of
mobility estimation. When compared to our proposed schemes,
CS98 has the following differences.

» CS98 uses a complex history-based method to calculate
the target reserved bandwidth. Handoff events must be
cached and the handoff probability of every cal in adja-
cent cellsmust be cal culated whenever anew call istested
for admission. Our schemes do not require such proce-
dures.

e CS98 controls T, adaptively, to satisfy the QoS con-
straint and maximize utilization by using an adaptive algo-
rithm similar to A1. The target reserved bandwidth is an
increasing function of T... Thus, an indirect method to
adjust the reserved bandwidth is used. Our methods, how-
ever, directly adjust the admission threshold to control the
reservation level, based on handoff-dropping events.

The admission test in CS98 is aimost the same as T2, which
solves the unfairness problem. The difference is that, in CS98,
only some of the adjacent cells that “appear” to be overloaded
will participate in the admission test to reduce the complexity.

B. OKS98 Method

In this admission-control scheme, two classes of traffic are
assumed: class | real-time traffic (such as voice and video) and
class |l nonreal-timetraffic (such as data). The amount of band-
width to reserveis determined by thelargest of all the requested
bandwidths from adjacent cells. As network conditions change
after reservation, the reserved bandwidth needs to be dynami-
cally adjusted. It is assumed that each BS continuously mon-
itors the dropping probability P; and the reserved bandwidth
utilization Ug (i.e., the percentage of reserved bandwidth that
is actually being used). The reserved bandwidth R is dynami-
cally adjusted in each cell by the adaptive algorithm in Fig. 5.

OKS98 has some underspecified features and parameters.
First, there is no specification of the monitored period of P;.
In this paper, we set this period to the long-term period, i.e.,
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P; = Lyp/Ly when performing comparative evaluations.
Second, it is not clear when to increase or decrease R, i.e.,
repeatedly or only once after the conditions are met. In this
paper, we increase R at every handoff drop if the conditions
aremet. Likewise, R isdecreased at the end of each short-term
period if the conditions are met. The admission test is T1.

V1. COMPARATIVE PERFORMANCE EVALUATION

This section evaluates our three proposed admission-control
schemes and compares our best one with competitive adaptive
schemes, CS98 and OK'S98 in particular. We first describe the
simulation environment and parameter settings.

A. Smulation Environment and Parameters

We consider atwo-dimensional cellular system. Thetopology
of awireless network is shown in Fig. 6. The cells are wrapped
around to alleviate thefinite size effect. The assumptionsfor our
simulation study are as follows.

e The arrival process of new call requests is Poisson with
rate A (callg/g/cell), which is uniform to all cells unless
stated otherwise.

* A new call iseither for voice (1 BU) or video (4 BU), with
the probability of F; and 1 — Fy, respectively.

e The velocity of a mobile is randomly selected from
[Vinin, Vmax] (km/h) and the moving direction is aso
randomly selected. Once determined, its values are fixed
until the call completes.

» The duration of a call is exponentialy distributed with
mean 1! (= 120 9).

» The capacity of each cell isC' (= 100 BUs) and the cell’s
diameter is 1 km.

The other simulation parameters are Tinit = Tmax = 100
(BU’S), Thmin = 0 (BU), and Pgos = 0.01, if not stated oth-
erwise. The offered load per cell, L, is calculated as follows

Ap~!
o

The numerator represents the average total bandwidth required
to support all existing callsin a cell. The range of offered load
was from 0.7 to 3.0. We consider two cases of user mobility,
high mobility with range [80, 120], and low mobility with [40,
60].

L=(1F+4(1~F)

(18)

B. Comparison of the Three Proposed Schemes

First, we simulated the three proposed admission-control
schemes:. AC1, AC2, and AC3. Fig. 7 plots (a) P, and P,
and (b) utilization versus offered load for high mobility and
Fy = 1.0. Before we compare the three algorithms, let us focus
on ACL. Although AC1 performs very well in Pqos = 0.01,
it was observed to suffer from an intercell unfairness problem
in Poos = 0.001. Thisis due to the fact that the threshold is
very hard to restore to its optimal value once it is decreased
by bursty handoffs in Pqos = 0.001. Fig. 8 shows the status
of each cell at the end of simulations with the offered load 3.0
and Pqos = 0.001. In ACL, P, and T' oscillate severely. In
some cells, such as cells 0,2,7,..., the 1" values are extremely
low and the P, values are near 1.0. Thus, almost al new cals
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are blocked and the P; values are not kept below 0.001 in these
cells. In the other cells, however, the P; values were below
0.001 even at high T" values. Once the intercell unfairness
arises, the extremely decreased 1" does not return to its optimal
value easily. In this case, the recovery is very difficult without
traffic being greatly reduced, since the positive feedback loop
is created between the cells of large and small 17 s, as explained
in Section 11l1. AC2 and AC3 resolve this unfairness problem
effectively.

Now let us go back to Fig. 7 for the comparison of AC2 and
AC3. In terms of P;, both protocols meet the QoS constraint
independent of the offered load. AC2 showshigher P, and lower
utilization than AC3.

L et usconsider the detailed operationsin aspecific cell to fur-
ther investigate the differences between the two schemes. Fig. 9
shows(a) T" and (b) timeaverage Py, starting from the beginning
of asimulation run for the offered load = 3.0, high mobility,
and F; = 1.0 in cell 0. Other cells exhibit similar patterns. In
Fig. 9(a), the values of T" are observed to fluctuate as time pro-
gresses. In AC2, adecrease of 1" by one correspondsto ahandoff
drop, while an increase of T' by one means that no handoff drop
occurred during ashort-term period. In AC3, however, the same
correspondence does not apply since T' can be decreased or in-
creased by the corresponding signaling messages from adjacent
cells.

We aso observe that the decreasing instances of 7' exactly
coincide with the increasing instances of P, in Fig. 9(b), as ex-
pected. The P; value near the starting point exceeds the target
vaue 0.01 for both schemes, because the simulation starts with
T = Tinie = 100 (BUS)

However, as time goes on, P; eventually goes below 0.01,
affected by the adaptiveness of I'. This shows how the pro-
posed schemes can handle bursty handoff drops. Although
our schemes cannot predict future handoff attempts, sinceit is
purely based on handoff-drop events, it is almost impossible to
predict bursty handoffs in real situations. In addition, if some
reservation is made for future bursty handoffs, it would result in
low channel utilization. Our schemes guarantee that the handoff
drop probability for the long-term should be bel ow a predefined
level Pqos, athough the short-term handoff drop probability
may not be below Pq.s due to bursty handoff attempts.

Another noteworthy point isthat the T" valuein AC2 ishigher
than that of AC3in Fig. 9(a). In AC2, ahigh T' value in a cell
does not necessarily mean that additional new calls will be ad-
mitted into that cell, because the 7" s of adjacent cells are also
considered in T2. Fig. 10(a) shows the allocated bandwidth C,,
obtained from the same simulation run as Fig. 9. We observe
that C, islow even at high values of T'. The severe fluctuation
between under- and over-utilization also reflects the character-
istic of T2; when any of the six adjacent cells is overloaded,
new callswill be blocked irrespective of the T" value of the cur-
rent cell. However, in AC3, only the current cell is considered
when a new cal is tested for admission. So the T' value of the
current cell directly affects the admission test. In Fig. 10(b), we
can seethat C, in AC3 fluctuates less severely and the average
pattern of C, is similar to that of 7" in Fig. 9(a). As a whole,
these differences make a noticeable difference in terms of av-
erage utilization in Fig. 7(b).

Now, we explain why the P; valuein AC3 ismuch lower than
thetarget valuein Fig. 7(a). In Section 1V-B, we mentioned that
A2, asused in AC3, affects aconservative policy. By taking the
aggressive policy, P; dightly increaseswithin arange below the
target value and utilization can beimproved slightly asshownin
Fig. 11. The reason that AC3 uses the conservative policy isto
avoid the following situations. Suppose the central cell 0, itsad-
jacent cells Ag, and the border cells have four-fold, two-fold, or
one-fold the normal offered load, respectively (i.e., nonuniform
loading condition). Fig. 12 showsthe average P;’ sof severd re-
gions asthe normal offered load isincreased. Although the total
average P;’ sarebelow 0.01 for both policiesindependent of the
offered load, the P, of cell O for the aggressive policy is above
0.01 when the offered load isnear 0.6. At thisload, only cell Ois
heavily loaded. Accordingly, the T" value of cell 0 must belower
than any T valuesof Aq. Inthe aggressive policy, the BS of cell
O will increase T" when it receivestheincrease T message from
A only if the short-term QoS is satisfied. This raises the P;
valuein cell 0 above 0.01. In the conservative policy, however,
the BS of cell Owill not increase T' in the same situation unless
the long-term QoS is satisfied. This difference in the definition
of QoS state enables P; to be kept below the target value even
in a hot-spot cell. Thus, we choose the conservative policy! in
AC3 as the best among our proposed schemes.

C. Comparison of AC3 With Existing Schemes

We now compare AC3 with existing adaptive admission-con-
trol schemes advanced in [14] and [18], denoted CS98 and
OKS98, respectively. First, we simulated CS98 and OKS98
with the offered load 3.0, high mobility, and /7 = 1.0, to
check intercell fairness.2Fig. 13 shows the status of each cell
at the end of simulation. OKS98 exhibits severe oscillations
of P, and T similar to AC1, because it adjusts the reserved
bandwidth R (= C — T) without considering the status of
adjacent cells. CS98, however, solves this intercell unfairness
problem because its admission test is similar to that of AC2.
For this reason, we omit OKS98 henceforth and focus on the
comparison of AC3 and CS98.

Figs. 14-16 compare the performance of AC3 and CS98 ac-
cording to the offered load, the portion of voice calls, and the
required bandwidth of the video call. Both schemes satisfy the
QoS requirements, i.e., P;'sarekept below 0.01. Intermsof P,
and utilization, both schemes show higher P, and lower utiliza-
tion for the smaller portion of voice calls and the larger band-
width requirement of video calls. We can aso see that the uti-
lization'in AC3 is higher than that in CS98 for a wide range of
parameters.’3 However, in Fig. 16 the utilization of AC3 de-
creases faster than CS98 as the bandwidth of video cals in-
creases. AC3 reserves the resource in unit of the averaged re-
quested bandwidth, while CS98 does so in unit of the estimation

1n practice, the choice of policy is up to the service provider. The total av-
erage P, in the aggressive policy is still below the target value, while at the
same time achieving higher utilization than the conservative policy.

12The simulation parameters used in CS98 and OK S98 are the same as those
in [14] and [18], respectively.

13wWe al so simul ated the low-mobility and time-varying traffic/mobility cases.
They showed similar tendencies (i.e., both schemes guaranteed dropping prob-
ability and AC3 showed better utilization than CS98) and is eliminated due to
space constraints.
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time. Asthe bandwidth of a requested video call increases, the
reservation granularity becomes coarsein AC3, which degrades
its performance.

To illustrate the notable differences between CS98 and AC3
intermsof utilization, weinvestigated the detail ed operations of
CS98in aspecific cell. Fig. 17 plots (&) time estimation window
T..t and reserved bandwidth R and (b) C, versustimein cell
0. It shows that the pattern of C, is similar to that of AC2.in
Fig. 10(a). This is because the admission test in CS98 is sim-
ilar to T2. The other reasons come from the adaptive side of
the algorithm. First, we observe that the increase or decrease
of T, is similar to the decrease or increase of the threshold
T for AC2 in Fig. 9(8). The difference is the flat region of
Tese (9., duringt = [300,600] (sec)), which corresponds to a
long-term period. It results from the conservative T, decrease
policy, which correspondsto aconservative T" increase policy in
A1l. We can aso seethat R isanincreasing function of T, and
fluctuates even when T is constant. Hence, the coarse gran-
ularity associated with indirectly adjusting the reserved band-
width is identified as another reason.
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Finally, we compare the complexity of thetwo schemes. First,
we compare the computational complexity for an admission de-
cision. The complexity of CS98 with respect to an admission de-
cision depends on Nquaq, Which isthe size of the cached history
used for mobility estimation [20]. Fig. 18(a) shows the average
numbers of numerical operations (i.e., summations and multi-
plications) and comparisons used by an admission decision. For
CS98, the simplest case, Nquaa = 1 isused. While CS98 has a
significant complexity overhead, AC3 requires only one opera-
tion and comparison in (1) for an admission decision.

Next, we compare the number of signaling messages among
cells. In CS98, when the BS of cell 7 calculates the reserved
bandwidth for an admission decision, it sends signaling mes-
sages to the BSs of adjacent cells A;. The BSincdl j (e A;)
then calculates the required bandwidth for the expected hand-
offsinto cell + and informs this value back to cell . So at least
12 messages are required for an admission decision in a cell.
Onthe other hand, in AC3, signaling messages are comprised of
(1) increase T messages, (2) decrease T messages, and (3) T'
information messages. (3) is needed only when a BS increases
or decreases T' by receiving (1) or (2).15Fig. 18(b) shows the
average number of messages sent at each cell per minute. The
number of signaling messages in CS98 linearly increases ac-
cording to the offered load, since accordingly more frequent ad-
mission tests are needed. However, in AC3, the number of sig-
naling messagesis“amost” independent of the offered load. As
awhole, AC3 has a significantly smaller complexity overhead
than CS98. In cellular wireless networks where both bandwidth
and power consumption are at apremium, AC3 exertsan impor-
tant advantage.

VII. CONCLUSION

Inthis paper, we proposed and eval uated realisti c adaptive ad-
mission-control agorithms to keep the handoff-dropping prob-
ability below a predefined level while maximizing utilization.
We investigated the intercell unfairness problem as a new per-
formance evaluation criterion. We classified our protocols into
threetypes, according to the type of admission test and the adap-
tive algorithm used to control the admission threshold. Through
performance comparisons, we showed that AC3, which com-
bines the simple admission test and the enhanced adaptive al-
gorithm, is superior to the others in terms of fairness and per-
formance. We also compared our AC3 scheme with other ex-
isting competitive bandwidth-reservation methods, in particular
CS98 and OK S98. Our proposed scheme solved theintercell un-
fairness problem and showed high utilization under avariety of
traffic loads, call bandwidths, and mobility conditions. In ad-
dition, it has extremely low complexity overhead and signaling
load, making it readily implementablein real wireless networks.

14In the case of heavily loaded networks, more signaling messages are re-
quired to consider adjacent cells together in the admission test T2 [14].

151N most cases, a BS need not send (3) separately. By piggybacking (3) on
(1) or (2), the BS can inform its T" to the BSs of adjacent cells.
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Fig. 18. Complexity comparison of AC3 and CS98.
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