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Utility-oriented Adaptive QoS and Bandwidth Allocation in Wireless Networks

Yaxin Cao and Victor O. K. Li

Abstract—In this paper we propose a general utility-oriented adaptive In this paper, we propose a utility-oriented wireless adaptive
Quality of Service (QoS) model for wireless networks and establish aframe- QoS model and a bandwidth allocation scheme which accounts
work for formulating the bandwidth allocation problem for users with time- , . .
varying links. For slow link variations, it is inadequate to only employ low- for the users’ QoS _reqwrements and actively adapts to the dy-
level adaptive mechanisms at the symbol or packet level, such as error cor- NAMICS of the physical channel. There has been much work on
rection coding or swapping packet transmission opportunities. To improve wireless resource (bandwidth) management, focusing on mul-
bandwidth utilization and satisfy users’ QoS requirements, high-level adap- tiple access [4] and channel allocation [3]. Most of the previ-
tive mechanisms working at larger time scale is needed. We propose an " .
adaptive bandwidth allocation scheme, which is capable of providing QoS OUS Work tackled one aspect of the bandWKjth. aIIocathn prob-
guarantees, ensuring long-term fairness, and achieving high bandwidth uti- lem, i.e. the dynamics of user requests. That is, resolving con-
lization. A finite-state Markov channel model (FSMC) is used to model fiicts due to users’ uncoordinated requests and allocating trans-
wireless links. .. . .

mission slots or call channels appropriately to satisfy those re-
quests. However, there is less research on adding explicit adap-

I. INTRODUCTION AND MOTIVATION tive mechanisms to bandwidth allocation schemes to deal with

With the rapid growth in popularity of wireless data serviceige variations of wireless channels.
and the increasing maturity of wired multimedia networks, ex- The rest of the paper is organized as follows. Section Il dis-
tending multimedia services into wireless networks is inevitableusses the wireless variations and the need of adaptive mecha-
However, deploying such services is a challenging task. Wirgisms for different time scales. In Section lll the utility-oriented
less communications pose special problems, such as limigghptive QoS model is discussed. Section IV describes the pro-
bandwidth and high error rate, that do not exist in wired ngposed bandwidth allocation scheme. Simulation results are pre-
works. There exist two dimensions of adverse dynamics in wirgented in Section V. Section VI concludes the paper.
less networks, namely, the dynamics of physical channels and
the dynamics of users’ requests. The dynamics of physical chan- !l DEALING WITH WIRELESSLINK VARIATIONS

nels refer to the inherent variability of wireless channels, which \jireless links are usually subject to two types of variations,
is both time-dependent and location-dependent. Uncoordinat@d sjow variations (shadowing) and fast variations (fading). For
users’ transmission requests make up the other dimension ofgfifical cellular communications, the duration of shadowing is
challenging dynamics. The broadcast nature of wireless cofthe order of seconds or tens of seconds, while fading usually
munication causes conflicts or interference among users’ trapgsts for milliseconds or shorter.
missions. To handle physical link variability, low level mechanisms
Due to the above problems, deterministic service guarant@@gh as error correction coding [7] and swapping transmission
and bandwidth allocation, commonly used in wired ”EIWOVképportunities in packet scheduling [5] are usually used. How-
become inadequate in wireless networks. We believe thata mgy@y, such mechanisms work for relatively small time scales, e.g.
flexible service model which allows variable QoS is needeghe duration of a symbol or a packet, which are comparable to
Similar views of requiring new adaptive QoS service model e duration of fast fading. For slow link variations, such mecha-
wireless networks can be found in [8][9][10]. However, nongisms alone are inadequate. In adaptive coding, a user with very
of the papers discusses the problems of location-dependent fl jink quality may waste a great amount of bandwidth on cod-
variations and links with multiple physical states. The onlyg overhead. Swapping transmission slots in packet scheduling
channel variation considered is the variation of the total avajlies to improve effective bandwidth utilization. In most wire-
able bandwidth/capacity. However, different users may expgss scheduling schemes[5], where a two-state Markov channel
rience different link capacities due to different locations. Tgodel is used, a user will not receive any bandwidth when its
combat wireless link variability and improve bandwidth utilizag,k experiences a long-lasting shadowing degradation. How-
tion, we believe bandwidth should be allocated in an adapti¥@er, in reality, the capacity of a wireless link will have more
and link-state-dependent way. Irrespective of the amountgfn two states. When slow variations are dominant, a more
bandwidth received, the ultimate measure of the effectivenggssiraple approach is to change both the code length and the
of network services is the level of users’ satisfaction, which gnount of bandwidth allocated to a user as its link changes state.
dependent on the specific application type. To capture the hefys a user will still be able to receive some service when its
erogeneity of different applications and to have a consistent pgkk quality degrades and the overall bandwidth will be utilized
formance measure, we adopt utility functions in our proposegbre effectively by allocating more bandwidth to users who can
adaptive QoS model. better utilize it. When fading and shadowing occur simultane-

. . . ... ously, the fast variations are superimposed on slow variations
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as the average link quality changes. tries to dynamically allocate bandwidth such that each uger’s
The main focus of this paper is to establish a very gestant utilityis maintained above. ,;, and in the long run the

eral modeling framework of the high-level bandwidth allocatiohandwidth is allocated fairly and utilized efficiently.

problem based on an adaptive QoS model and design an adajBased on the service model and the wireless link model we

tive allocation scheme to deal with slow link variations. have discussed, the following is the complete description of the
bandwidth allocation problem. There ameactive users who
I1l. SYSTEM MODELING share transmission bandwidfh The communication link of

each user follows &-state Markov channel model. The statis-
tical characteristics of the Markov model for all links avied.

It has been proven that the finite-state Markov channEhe average state-holding time of link stateis ¢,,, and the
(FSMC) can accurately model both fading and shadowing chdr&ndwidth degradation ratiof the state i<, where
nels[1][2]. Each channel state corresponds to some channel
quality and/or response at the receiver. To completely describe 0<Dp, <L VI<m<k (1)
such a Markov channel, we need the state transition probaRiithout loss of generality, we assume that
ities, average state-holding times, and some parameter that re-
flects the physical characteristics of each state. The transition D,,>D,,ifm<n 2)
probabilities can be specified by a transition probability matr
P = [pi,;], wherep; ; is the transition probability from state

A. Modeling the Time-varying Links

% associate thdegradation ratioto each user, if users link
is currently in themth state,D; ,,, will be used. The utility

to stateg.. . function of uset is U;(r), where
To avoid confusion, from now on we usbBanneko represent
the overall wireless channel shared by all users, liakdo rep- Ui(r) =0 : 7 <7Timin
resent a wireless link between two specific communicating par Uimin < Ui(r) < Wimae © Timin ST < Timaz  (3)
ties (e.g. a base station and a mobile user). Each wireless link i Ui(F) = Uimaz = T > Timas

modeled by an FSMC. Assuming that all the users move fre - . .

in the same region, all the links are independent and identic e callr; min theminimum effective bandwm!th ledr;, maz
To capture the link characteristics of each state of the Mark \F maximum eﬁectlyg bandwidth leweluser:. If at a partlcu-
chain, we associate each statewith a parameter calledand- ar 'qmg mstance, usens aIchatedy af‘?o‘?”t of pandywdth and
width degradation ratiaD,,,, where < D,, < 1. Theband- its link is in statem, then theinstant utilityit receives is

width degradation ratiarepresents the overall degree of band- wi = Us((1 = Dym) 1) @)
width wastage incurred by unsuccessful transmissions, coding ! ! vms

overhead, and other factors. More specifically, if the bandwidl® fully utilize the bandwidth, no bandwidth is reserved at any
allocated to the user is, and its link is currently in state,, tme, L.e. .

D,, - r of bandwidth will be wasted. We call — D,,) - r the Er' - R ()
effective bandwidtheceived by the user. - !

=
is always satisfied. Itis assumed that each user 1,2, ---n,

B. Utility-oriented Adaptive QoS Service Model always generates enough traffic to fully consume the allocated
Utility, a concept originally used in economics, has bedigndwidthaslong as trefective bandwidth receives does not
brought into networking research [6][9][10] in recent year§XC€€dLima.. How dowe dynamically allocate the bandwidth?
Utility represents the "level of satisfaction” of a user or the per- 10 answer the above question, we first need to clarify our
formance of an application. A utility function, which is mono®@bjectives. The key issues of all bandwidth allocation problems

tonically non-decreasing, describes how the utility perceived B{: QOS requirements, fairmess, and bandwidth utilization.

a user changes with the amount of effective bandwidth it ré. QoS requirementsOne of the objectives of the bandwidth

ceives. The key advantage of the utility function is that it ir@llocation scheme is to guarantegi, for each usei. De-

herently reflects a user's QoS requirements and can quantify i€ utility outageas the event that usés instant utility level

adaptability of a user or an application. falls belowu; ;. Therefore, the bandwidth aIIo_gati(_)n scheme
In an adaptive QoS model, the user applications are requirgpuld guarantee for each user that the probabilitytitfy out-

to be adaptable to service degradations, and the bandwidth@g€is smaller than a certain threshgigrage.

located to the user is not fixed, but adjusted according to tRe Fairess Since the ultimate service criterion is the amount

condition of the network. We propose a utility-oriented ad‘,j“@_f_r_ecelved qtlllty, the fairness _crlterlon shoul_o_l also be based on

tive QoS service model for wireless networks. In this serviddility. Consider users and; with average utility® u; 4., and

model, each uséri signals its utility functiori/; (r), minimum  J.avg: F€SPeCtively,

utility level u; ,,,s,, andmaximum utility leveli; 4. to the net- w s

work, wherer is the amount oéffective bandwidtheceived by G; = =t (6)

the user. Atany time instance, timstant utility valueof the user Wi min

is ej i oo . 2In this general model, the averaging method and the measuring window are
is either zero or in the range {f; min, 4i,mas]. The network flexible. Itgcan be simple time avere?gegor weighted average, and t%e measuring
window may start from the beginning of the data session or may just be a fixed
LIn the rest of the paper, the word "user” represents either a user or an apfifire interval, which should be much larger than the state-holding times. The
cation. choice can be up to the service provider.
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represents theormalized gaf theaverage utilityreceived by allocation scheme will search for an appropribémeficiaryto
useri and itsminimum utility level Since the average statisticyeceive some bandwidth from useand decide the amount to
of all user’s link models are the same, we want all users to have transferred. The users are checked in increasing order-of
the samenormalized gapn the long run, i.e. malized gap Suppose usef, whose link is in statey, is the
beneficiarycandidate being checked. We have

GiﬁGj,Vi,j (7)
3. Bandwidth utilization The total effective utility delivered, { Ui = [é’(( ~Dip)-) 9
>, Uiavg, IS the criterion for measuring the bandwidth uti- u; = U;(1 = D, ") ;)

The bandwidth allocation scheme tries to maximize the com-
binedinstant utility of the two users with some constraints. The

V. BANDWIDTH ALLOCATION SCHEME optimization problem is:

lization.

. . . maximize:
A. Adaptive Bandwidth Allocation o+, (10)
When a wireless link changes to a state with a laiBg,, where
we say the link degrades. When a link changes to a state with u; = Ui((1 = Dyp) - (ri — 7)) (11)
a smallerD; ,,,, we say the link upgrades. The basic idea of the w; =Uj((1 = Djyq) - (rj +2))
bandwidth allocation scheme is that when a user’s link degradgidPiect to:
it may surrender some bandwidth to another user with a smaller x,Z 0
normalized gapsuch that there is a net gain in the combined “;‘ 2 Wimin (12)
instant utility. When a link upgrades, the user may receive son(]fz be simplified Uj 2 Uj,min
bandwidth from another user with a largeormalized gapo ) can be simplified as
achieve a gain in the combin@astant utility. az(0, Tj,min ) <a<ri— Ti,min (13)

We assume that accurate knowledge of link states is available. " 1- DM 1—-D;,
The adaptive bandwidth allocation mechanism is invoked wheBince the utility functions are bounded and monotonically non-
ever there is a link-state change. Assume at a particular time udeereasing and the constraints are linear, the above optimization
i's link state changes to state The following four steps are the problem is guaranteed to have solution(s), which can easily be
operations performed. First, all the useaserage utilitylevel solved by numerical methods. If the solutionsof> 0, then
and normalized gapare updated. Second, users are sorted li@allocate the bandwidth of userandj as :r; = r; — z and
increasing order ofiormalized gap Third, if theinstant utility r; = r;+z. If z = 0, then the same procedure is repeated for the
levelof useri is belowu; ,,i,,, SOMe other users’ bandwidth willuser with the next smallestormalized gap This procedure is
be reduced and reallocated to usé meet itsu; i, Last, if repeated until onbeneficiaryis found or all users with smaller
there is no step three, usamay give up part of its bandwidth to normalized gaghan usei’'s have been searched.
another user if the link degrades, whereas it may receive somdhe main difficulty in allocating bandwidth is how to combine
extra bandwidth if the link upgrades. We call the user who givesilization and fairness considerations and strike a balance be-
up part of its bandwidth to others thenefactor and the user tween achieving high bandwidth utilization and fairness among
who receives bandwidth from others theneficiary users. If achieving high bandwidth utilization is the sole ob-
In the third step, to satisfy useis u; i, the bandwidth jective, some users may suffer starvations. If absolute fairness,

allocation scheme searches fmenefactor(sktarting from the such as keeping all the users at the same instant utility level in
user with the largestormalized gapSuppose the user with the[9], is maintained at all times, bandwidth utilization is sacri-
largestnormalized gajis userj, whose link is currently in state ficed. The operations described actually combine the consider-
g and it is above;, n,. Userj will yield ations of both long-term fairness and short-term maximization

. e of bandwidth utilization. First, only users who are lagging be-
—r oy, — ) (8) hind useri in normalized average utilitare in thebeneficiary
1= Dip 1—Djgq candidate list. Considering long-term fairness objective, when
amount of bandwidth to usey wherer; andr; are the band- a user gives up its bandwidth, such bandwidth is transferred to
width allocated to users and j, respectively, before the link the users who have received less utility than its fair share, so
state transition. linin( ) takes the value of the second term ifhat they can catch up. The smaller the usedsmalized gap
the parenthesis, it means ugecan provide enough bandwidththe higher its priority in the candidate list. Second, reallocating
to useri to satisfyu; i, While maintainingu;,min. If min()  bandwidth between thieenefactomnd thebeneficiaryis aimed
takes the value of the first term in the parenthesis, it means ugemaximizing the combineitistant utility, and hence the band-
j’s surplus bandwidth alone is insufficient for useto reach width utilization.
ui,min- IN this case, thénstant utility of usery is kept at the  Similarly, when user’s link upgrades, usei becomes the
minimum level, and all surplus bandwidth is allocated to userpeneficiaryand users with largerormalized gagare the candi-
Then the user with the second largestmalized gawill be the  dates foenefactor The scheme checks the candidates starting
next candidate fobenefactor This procedure will be repeatedfrom the one with the largestormalized gap Suppose user
until u; mn, can be reached or all the users have been checkef. whose link is in state, is the benefactorcandidate being

If after the link state transition, useéris still aboveu; min, checked. The optimization problem becomes:
useri’s bandwidth share may be adjusted to improve the ban@aximize:
width utilization. When usei’s link degrades, the bandwidth ul + u; (14)

min(
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where Fig. 1. Three classes of users in the simulations

wp = Ui(1 = Dyp) - (ri + @) (15) :

| uh = Uj(1= Dj) - (rj — @) 4

subject to: 3
. .

Jhmin ) <@ < gy — —min L 2

max(O,l_D' ri) <z <7y 1-D. (16) 1

2, 7

If z > 0, then reaﬁocate the bandwidth of Juzieandj as:
r; =r; +x andr; =r; —z. If 2 = 0, then the same procedure
is repeated for the user with the ngxt largestmalized gap (a) Class 1D = 7.5, — (b) Class I:D — 15,
This is repeated until onbenefactoris found or all the users 10, B — 20, A = 30 C =93 B =294 A=
with largernormalized gapthan uset’s have been searched. 36

Besides the link state changes, adjustments in bandwidth al-
location is also needed when the following events take place.
Bandwidth needs to be collected from (or distributed to) the 3|
users in the network when the overall available bandwidth de- 2f
creases (or increases) or a new user arrives (or departs). — ‘

If r is the amount of deficient bandwidth which needs to be 1 : >
collected from the current users, either because of a decrease in
overall_bandwidth_or a gser’s arrival, usjahavinthhe largest (©) Class II:D = 10,
normalized gag; is to give upmin(maz(0, r; — 12}3;2 ), ) C =15 B =20 A =
amount of bandwidth, whexgis the current link state of usgr 30
If it is still not enough, the user with the second largest- where A = {my,ma,...mp | 1 < my,ma...m, <

malized gapis chosen to give up bandwidth to make up thg s~ _rLmin_ 5 R} R is the total available bandwidth,
deficit. This procedure will be repeated until enough bandW|d7t7I%1' is userz"s)liﬁk state at the time instance. It is obvious that

1
has been collgcted or all the current users have been searc egi < p,, wherep; , is theutility outage probabilityof useri.
If after searching all the current users, the collected bandwi erefore, if we can guarantee that< pourase, Wherep, u:
is still not enough, the bandwidth allocation scheme will stajt e desired threshold. we will haye 2‘;"6; ourage
the second round of collection, again starting from the user with ;<o quently, the admission control Sglfg; is as follows

the largeshormalized gapThis time each chosen user will giveWhen a new user arrives, calculateaccording to (20), where
up all of its bandwidth or the deficient amount until the defici,tl is the total number of users including the new userp,If<
becomes zero. Similarly, if there is surplus bandwidth, the us%rs ° =

; . . “Doutage, the new user is admitted; otherwise, the user is rejected.
with the firstk smallestnormalized gapare chosen to receive

h | idth h ) ) fauserj is admitted, it is initially allocated; i, /(1 — Dj q),
the surplus bandwidth. Each user can increassifgstive band- \;nere, is userj’s current link state. The assigned amount of
width up to themaximum effective bandwidth level

bandwidth toj is contributed by the users currently in the net-
B. Admission Control and Utility Outage Probability work following the algorithm we described prev!ously. Given
Doutage, 12, the channel model and all the possible classes of

Itis clear that to guarantee usersinimum utility levelcer- jity functions, (20) can also be used to find the feasible region
tain admission control should be enforced to limit the numbgg providing statistical minimum utility guarantees.

of users in the system. Given an FSMC's transition probability
matrix P, the steady state probability = [ry, 72, ... ] can be V. SIMULATIONS
calculated by solving the following vector equation.

Without loss of generality, we use the piece-wise linear utility

II=1pr (17) functions in Fig. 1 to represent three classes of users. The hori-
If statei’s average holding time i;, then at a particular time zontal axis is theffective bandwidthllocated to a user, and the
the probability of the link being in states vertical axis is the utility received. In each figuig,is themin-
Tt imum effective bandwidth levahd A is themaximum effective
Di= g (18) bandwidth level The total available bandwidtR = 100. Since
i - b all the values are of relative importance only, we do not specify

i=1
Recall that when a useriastant utility falls below itsmini-

. . " any units for the parameters in the simulation.
mum utility level then there is autility outagefor the user. If

the total bandwidth needed to keep all the users aboverttieir [ 0 08 02 ‘|
imum utility levelsis larger than the available bandwidth, then =105 0 05 (21)
there will be at least one user experiencingitity outage The [ 02 08 0 J

probabilityp, of such event at any time is A three-state Markov channel model is used to model wireless

i min links. The transition probability matrix is shown in (21). The
po = P> T p > & (19) average state-holding times ake= 3, t, = 5, and¢; = 4, and
i=1 L the degradation ratios af®, = 0.4, D, = 0.2, andD3 = 0.
= Z H Do, (20) Since there is no existing bandwidth allocation scheme for
A 1<i<n networks with multiple-state (more than two) links, the adaptive

3074



TABLE | TABLE llI

COMPARISONS WHENK] = 2, K2 = 2, AND K3 = 2 COMPARISONS WHENK> = 2 AND K3 = 2

Normalized Gap Utility Outage Time maz | G; — G5 [, Vi,j | Max. Utility Outage Time | Utilization

Adaptive Static | Adaptive Static Adaptive Static Adaptive Static Improvement
user 1| 0.35304 | 0.04177| 23.2607 | 2012.6972 K; =1 | 0.00068 0.75880 0 0 6.35%
user 2| 0.35325 | 0.03624 | 19.3312 | 2038.2643 K; =2 | 0.00100 0.36548 41.5824 | 2038.2643 17.12%
user 3| 0.35320 | 0.40172 | 41.5280 | 1985.2418 Ki =3 0.00205 0.30330 674.4124 | 2192.5303 21.58%
user4 | 035398 | 0.38246 | 415824 | 2148.8781 K, =4 0.00147 0.16114 2046.0076 | 7407.9264 219.84%
user5| 0.35330 | 0.07510| 10.0698 | 1913.9185
user6| 0.35298 | 0.11179| 11.9377 | 1878.1480 bandwidth, when the network load increases as the number of
Utilization Improvement 17.12% . . .
user increases the users will spend a great amount of time expe-
TABLEI riencingutility outage which lowers bandwidth utilization sig-

nificantly. However, in the adaptive scheme such a problem is

COMPARISONS WHENK] =2, K3 = 1, AND K3 =3 less serious because of dynamic allocation. Therefore, it is ex-

Normalized Gap Utiliy Outage Time pected thgt t_h_e utlllza_ltlon_lmprovement of the ada_lpt_lve scheme
Adaptive | Static | Adaptive Static is more significant with higher network load. This is demon-
Usef; 8-3232 g-iéigi 2-10284 gg;g-gg;g strated by the data in Table IIl. In Table Il the number of class
user . . . : _ _ f
T=er 31 045186 1 0.72108 5 To855418 Il and Il users are fixed aklys = K3 = 2, while the number
User4 | 045218 | 0.06785 0 5148.8781 of class | users is increased franto 4. We see that a&’; in-
user5| 0.45228 | 0.07510 0 1913.9185 creases, the advantages of the adaptive scheme strengthens in
user6| 045175 ] 0.11179] 0 1878.1480 terms of utilization improvement andility outagetime. At the
Utilization Improvement 22.38% . . h . .
same time, the fairness property of the adaptive scheme is main-
tained.
bandwidth allocation scheme is compared with a static band- VI. CONCLUSION

width allocation scheme in terms of utility outage times, fair-

ness property and bandwidth utilization. In the static bandwidﬁo
allocation scheme, each user is allocated a fixed amount of bafwf-
width r;, given by

In this paper we proposed a general utility-oriented adap-
QoS service model for wireless networks and addressed
problem of bandwidth allocation with links having multi-
ple states. Due to the generality of the service model and the
o — R limin 22) bandwidth allocation problem, they can be applied to differ-
! > Timin ent networks, such as cellular networks and satellite networks,

wherer; i, is each usersninimum effective bandwidth leveWith heterogeneous classes of users. We also designed an adap-

andn is the number of users. The initial allocation of the bandlve bandwidth allocation scheme, which is capable of provid-

width for the adaptive scheme at the beginning of the simulfg Q0S guarantees, ensuring long-term fairness, and achieving

tion also follows (22). For fair comparison, the overall availablgigh bandwidth utilization.

bandwidthR and the user set are fixed during each simulation.

The duration of each simulation 19000. .
Table | shows the numerical resuls o the case where tndhe 1L 4213, N, oayet e ste o chrra vetd ol o

are two users in each class. The table shows that for the adap- 171, Feb. 1995.

tive scheme the maximum differenceiarmalized gajpetween [2] F. Babich, G. Lombardi, "A Markov Model for the Mobile Propagation

. Channel,” IEEE Trans. Vehicular Tech., pp. 63-73, Jan. 2000
any two users i9).001 (between user 4 and user 6), where §] I. Katzela and M. Naghshineh, "Channel Assignment Schemes for Cellular

for the static scheme the corresponding valué.3$548 (be- Mobile Telecommunication Systems: A Comprehensive Survey,” IEEE
tween user 3 and user 1). Since the differencadmmalized Personal Commun., pp. 10-30, June 1996.

. . L . 4] . F. Akyildiz, J. McNair, L. C. Martorell, R. Puigjaner and Y. Yesha,
gapsis a measure of the fairness, it is clear the adaptlve SCheHe "Medium Access Control Protocols for Multimedia Traffic in Wireless

is much fairer. The result also shows that users experience much Networks,” IEEE Network, pp. 39-47, July-Aug. 1999.
less utility outage time in the adaptive scheme than in the stdfit Y- Cao and V. O. K. Li, "Scheduling algorithms for broadband wireless

. K i networks,” Proc. of the IEEE, Vol. 89, No. 1, pp. 76 - 87, Jan. 2001.
scheme. Using equation (20) it can be calculated that the UPRET 5 Shenker, "Fundamental Design Issues for Future Intemnet,” IEEE JSAC

boundp, is 0.00416, which corresponds to the maximuutil- Vol.: 13 7, pp. 1176 -1188, Sep. 1995.

ity outage timet1.6. It is shown that none of the usemility [7] M. Elauod and P. Ramanathan, "Adaptive Use of Error-correction Codes
L - . . for Real-time Communication in Wireless Networks,” Proc. INFO-
outage times larger than the upper bound. Finally, there is a  comes, pp. 548-555, Mar. 1998.

17.12% utilization improvement in terms of the total utility de-[8] S. Singh, "Quality of Service Guarantees in Mobile Computing,” Com-

; ; puter Communications, vol. 9, pp3. 59-371, Apr. 1996.
Ilvereq for the adaptive SCheme,’ . . égé G. Bianchi, A. Campbell and R. Liao, "On Utility-Fair Adaptive Services
Various user sets are tested in our simulations. Due to space in wireless Networks,” 1998 Sixth International Workshop on Quality of

limitations, not all results are presented. For illustration another] Service, pp. 256-267, I1998. | g haudh

; ; e D. Reininger, R. Izmailov, B. Rajagopalan, M. Ott and D. Raychaudhuri,
example is pre_sented in table Il. From Tables | ?‘nd Ilitis CI_eETO "Soft QoS control in the WATMnet Broadband Wireless System,” IEEE
that the adaptive scheme outperforms the static scheme in all personal Communications, pp. 34-43, Feb. 1999.
three aspects: minimum QoS guarantee, fairness, and utiliza-
tion.

Since in the static scheme there is no dynamic adjustment of
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