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Utilizing Multiuser Diversity for Efficient
Support of Quality of Service over a Fading
Channel

Dapeng Wu and Rohit Negi

Abstract—We consider the problem of quality of service achieved over time, space, and frequency. These tradi-
(QoS) provisioning for K users sharing a downlink time-  tional diversity methods are essentially applicable to a
slotted fading channel. We develop simple and efficient single-user link. Recently, however, Knopp and Humblet

schemes for admission control, resource allocation, and - ’ . . L.
scheduling, which can yield substantial capacity gain. [6] introduced another kind of diversity, which is inher-

The efficiency is achieved by virtue of recently identified €Nt in a wireless network with multiple users sharing
multiuser diversity A unique feature of our work is explicit a time-varying channel. This diversity, termpulltiuser

provisioning of statistical QoS, which is characterized by a diversity [4], comes from the fact that different users
data rate, delay bound, and delay-bound violation proba- usually haveindependentchannel gains for the same

bility triplet. The results show that compared with a fixed- - . . f .
slot assignment scheme, our approach can substantially shared medium. With multiuser diversity, the strategy

increase the statistical delay-constrained capacity of a Of maximizing the total Shannon (ergodic) capacity is
fading channel (.e., the maximum data rate achievable with to allow at any time slot only the user with the best

the delay-bound violation probability satisfied), when delay channel to transmit. This strategy is called Knopp and
requirements are not very tight, while yet guaranteeing QoS Humblet's (K&H) scheduling. Results [6] have shown
at any delay requirement. . . .
that the K&H scheduling can increase the total (ergodic)
Index Terms— Multiuser diversity, QoS, effective capac- Ccapacity dramatically, in the absence of delay constraints,
ity, fading, scheduling, resource allocation. as compared to the traditionally used (weighted) round
robin (RR) scheduling where each user as priori

allocated fixed time slots.
I. INTRODUCTION

The K&H scheduling intends to maximize ergodic
Providing quality of service (QoS), such as delagapacity, which pertains to situations of infinite tolerable
and rate guarantees, is an important objective in thilay. However, under this scheme, a user in a fade of
design of future packet cellular networks [5]. Howeveran arbitrarily long period will not be allowed to transmit
this requirement poses a challenge in wireless netwadkiring this period, resulting in an arbitrarily long delay;
design, because wireless channels have low reliabilithierefore, this scheme provides no delay guarantees and
and time varying signal attenuation (fading), which maghus is not suitable for delay-sensitive applications, such
cause severe QoS violations. Further, the capacity & voice or video. To mitigate this problem, Bettesh
a wireless channel is severely limited, making efficierdind Shamai [1] proposed an algorithm, which strikes a
bandwidth utilization a priority. balance between throughput and delay constraints. This

An effective way to increase the capacity of a time@/dorithm combines the K&H scheduling with an RR
varying channel is the use of diversity. The idea ofcheduling, and it can achieve lower delay than the
diversity is to create multipléindependensignal paths K&H scheduling while obtaining a capacity gain over
between the transmitter and the receiver so that higfePuré RR scheduling. However, it is very complex to
channel capacity can be obtained. Diversity can gheoretically relate the QoS obtame_d by this algorithm to

the control parameters of the algorithm, and thus cannot
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it becomes practically infeasible. Il. MULTIUSER DIVERSITY WITH QOS

Another typical approach is to use dynamic pro- CONSTRAINTS

gramming [2] to design a scheduler that can increase . _ . . . .
capacity, while also maintaining QoS guarantees. ButInthls section, we descrlbg multiuser diversity and the
this approach suffers from the curse of dimensionalit%EChanue of effective capacity.
since the size of the dynamic program state space grows

exponentially with the number of users and with the ] . }
delay requirement. A. Multiuser Diversity

To address these problems, this paper proposes an app/e first describe the model. Fig. 1 shows the archi-
proach, which simplifies the task of explicit provisioningecture for scheduling multiuser traffic over a fading
of QoS guarantees while achieving efficiency in utilizingtime-varying) time-slotted wireless channel. A cellu-
wireless channel resources. Specifically, we design ogf wireless network is assumed, and the downlink is
scheduler based on the K&H scheduling, but shift thgonsidered, where a base station transmits dat& to
burden of QoS provisioning to the resource allocatiofobile user terminals, each of which requires certain
mechanism, thus simplifying the design of the sche@®oS guarantees. The channel fading processes of the
uler. Such a partitioning would be meaningless if th@sers are assumed to be stationary, ergodic and inde-
resource allocation problem now becomes complicategendent of each other. A single cell is considered, and
However, we are able to solve the resource allocatigiterference from other cells is modelled as background
problem efficiently using the recently developed methogbise with constant variance. In the base station, packets
of effective capacity7]. Effective capacity captures thedestined to different users are put into separate queues.
effect of channel fading on the queueing behavior of thgfe assume a block fading channel model [3], which
link, using a computationally simple yet accurate modehssumes that user channel gains are constant over a
and thus, is the critical device we need to design ajme duration of lengthl’, (7, is assumed to be small
efficient resource allocation mechanism. enough that the channel gains are constant, yet large

Our results show that compared to the RR schedulingough that ideal channel codes can achieve capacity
our approach can substantially increase the statisti@yer that duration). Therefore, we partition time into
delay-constrained capacity (defined later) of a fadinfames’ (indexed ast = 0,1,2,...), each of length
channel, when delay requirements are not very tight. Fés- Thus, each usek has a time-varying channel power
example, in the case of low signal-to-noise-ratio (SNFgaiN gx(t),k = 1,..., K, which varies with the frame
and ergodic Rayleigh fading, our scheme can achielRdext; andgy(t) = [hx(t)|*, wherehy (#) is the voltage
approximatelyz,f:l% gain for K users with loose- 9ain of the channel for thg*" user. The base station is
delay requirements, as expected from [6]. But morssumed to know the current and past valueg;of).
importantly, when the delay bound is not loose, so thahe capacity of the channel for thié" user,cx(t), is
simple-minded K&H scheduling does not directly apply, 5 )
our scheme can achieve a capacity gain, and yet meét(t) = 108:(1+gi(t) x Fo/oy,)  bits/symbel)

the QoS requirements. where the maximum transmission powBs and noise

The remainder of this paper is organized as followsariance 02 are assumed to be constant and equal
In Section Il, we discuss multiuser diversity and théor all users. We divide each frame of lengify into
recently introduced concept of effective capacity. Mulinfinitesimal time slots, and assume that the channel
tiuser diversity, using the K&H scheduling, is our keytan be shared by several users, in the same frame.
technique to increase capacity, while effective capaciurther, we assumefluid modelfor packet transmission,
is our critical device for QoS provisioning over a K&Hwhere the base station can allariable fractionsof a
scheduled wireless channel. Section Ill presents efficietiannel frame to a user, over time. The system described
QoS provisioning mechanisms and shows how to uséove could be, for example, an idealized time-division
multiuser diversity to achieve a performance gain whilgultiple access (TDMA) system, where the frame of
yet satisfying QoS constraints. In Section IV, we presegtich channel consists of TDMA time slots which are
the simulation results that demonstrate the performangsinitesimal. Note that in a practical TDMA system,
gain of our scheme. Section V concludes the paper. there would be a finite number of finite-length time slots

in each frame.
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To provide QoS guarantees, we propose an architemt immediately obvious as to which QoS triplets are
ture, which consists of scheduling, admission contrdieasible, for the given channel, since a rather complex
and resource allocation (presented in Section IIl). Sincgieueing system (with an arbitrary channel capacity
the channel fading processes of the users are assumegrticess) will need to be analyzed. The key contribution
be independent of each other, we can potentially utiliz&f [7] was to introduce a concept of statistical delay-
multiuser diversity to increase capacity, as mentioned aonstrained capacity termeeffective capacity which
Section I. Thusto maximize the ergodic capacifye., allows us to obtain a simple and efficient test, to check
in the absence of delay constraints), the (optimal) K&lthe feasibility of QoS triplets for a single time-varying
schedule at any time instamt is to transmit the data channel. That paper did not deal with scheduling and the
of the user with the largest gaif.(¢) [6]. The ergodic channel processes resulting from it.

channel capacity achieved by such a K&H schedulerIn this paper, we show that the effective capacity

IS Cmaa = E[H@X[Cl(?)’CQ(t)’ -+, ek (t)]]. The ergodic concept can be applied to the K&H scheduled channel,
channel capacity gain of the K&H scheduler over a R, j5 precisely the critical device that we need to

sch_eduler iStmaq/Eler(t)). In particular, for Ray!eigh solve the QoS constrained multiuser diversity problem.
fading channels, at low SNR, we have the approx'm"’lt'o'i‘herefore, we briefly explain the concept of effective

~ S 1
Cmaz/Ele1(D)] = 304, 1, for large K [8, page 121]. At anacity and refer the reader to [7] for details.
high SNR, the ergodic channel capacity gain is smaller. ] ) )
Let »(¢) be the instantaneous channel capacity at time

Notice that K&H scheduling can result in a user expe; e effective capacity functionf r(¢) is defined as

riencing an arbitrarily long duration of outage, becau ]

of its failure to obtain the channel. Thus, it become

important to efficiently compute the QoS obtained by the o () = — lim ks 1OgE[e—uJ}f T(T)dr]’ Vu>0. (3)
user, in a K&H scheduled system. A direct approach may t—o0 ul

be to model eachy(t) as a Markov process, and analyzén this paper, since is a discrete frame index, the
the Markov process resulting from the K&H scheduleintegral above should be thought of as a summation.

Itis apparent that this direct approach is computationally consider a queue of infinite buffer size supplied by a
intractable, since the large state space of the joint Mark@ita source otonstantdata rateu. It can be shown [7]
process of all the users would need to be analyzed. Tigyt if o(u) indeed existsd.g, for ergodic, stationary,

complexity of this queueing analysis is exponential in thﬁlarkovianr(t)), then the probability ofD(co) exceed-
number of users. In essence, the main contribution of thigy a delay boundD, .., satisfies

paper is to show that we can compute the QoS obtaine (WD
by the user, in a K&H scheduled system, efficiently and Pr{D(00) > Diag} = e "H/7mer, 4)

accurately, using the concept of effective capacity.  \ynere the functiord () of source rate: depends only

on the channel capacity procesg). 6(x) can be con-

sidered as a “channel model” that models the channel

at the link layer (in contrast to “physical layer” models
We first formally define statistical QoS, which characsPecified by Markov processes, or Doppler spectra). The

terizes the user requirement. First, consider a single-ug@proximation (4) is accurate for large,,q..

system, where the user is allotted a single time varying |n terms of the effective capacity function (3) defined

channel (thus, there is no scheduling involved). Assumggylier, theQoS exponent functiofi(x) can be written
that the user source has a fixed rateand a specified as [7]

B. Effective Capacity

delay boundD,,,., and requires that the delay-bound O(p) = pat(p) (5)

violation probability is not greater than a certain value . ] ]

¢, that is, wherea~1(-) is the inverse function ofi(u). Onced(u)
Pr{D(c0) > Dppaz} < ¢ @) has been measured for a given channel, it can be used

to check the feasibility of QoS triplets. Specifically, a
where D(o0) is the steady-state delay experienced b®oS triplet{rs, D,,q., <} is feasible ifd(rs) > p, where
a flow, and Pr{D(o0) > D} is the probability p = —loge/Dpa.. Thus, we can use the effective
of D(o0) exceeding a delay boun®,,... Then, we capacity modek(u) (or equivalently, the functiof(u)
say that the user is specified by the (statistical) Qofa (5)) to relate the channel capacity process)
triplet {rs, Dwaz,€}. Even for this simple case, it isto statistical QoS. Since our effective capacity method
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predicts an exponential dependence (4) betweemd need to be assigned equal channel resources. For the
D42, We can henceforth consider the Qp&r {rs,p} heterogeneous case, see [8, page 130].
to be equivalent to the QoS tripléts, D4, ¢}, With

the understanding that= —loge/ D4z

In [8, page 81], we presented a simple and efficier'%‘ Scheduling

algorithm to estimaté () by direct measurement of the  As explained in Section I, we simplify the scheduler,
queueing behavior resulting from(¢). In Section IV- by shifting the burden of guaranteeing user QoS to the
B.1, we show that the estimation algorithm convergegsource allocation module. Therefore, our scheduler is
quickly, as compared with directly measuring the Q0Sa simple combination of K&H and RR scheduling.

Now, having described our basic techniques, mul- Section Il explained that in any frame the K&H
tiuser diversity using K&H scheduling, and effective cascheduler transmits the data of the user with the largest
pacity, in the next section, we present a QoS architectuggin g, (¢). However, the QoS of a user may be satisfied
consisting of admission control, resource allocation an§}; using only a fraction of the framg < 1. Therefore,
scheduling, which utilizes these techniques for efficient is the function of the resource allocation algorithm
support of QoS. to allot the minimum required3 to the user. This
will be described in Section 1lI-B. It is clear that the
K&H scheduling attempts to utilize multiuser diversity

I11. QOS PROVISIONING WITH MULTIUSER to maximize the throughput.

DIVERSITY
On the other hand, the RR scheduler allots to every

The key problem is, how to utilize multiuser diversityuserk, a fraction¢ < 1/K of eachframe, where, again
while yet satisfying the individual QoS constraints oheeds to be determined by the resource allocation algo-
the K users. To cope with this problem, we design éthm. Thus the RR scheduling attempts to provide tight
QoS provisioning architecture, which utilizes multiuseQoS guarantees, at the expense of decreased throughput,
diversity and effective capacity. in contrast to the K&H scheduling.

We assume the same setting as in Section II-A. Our scheduler is a joint K&H/RR scheme, which at-
Fig. 1 shows our QoS provisioning architecture in theempts to maximize the throughput, while yet providing
base station, consisting of three components, namefypS guarantees. In each frameits operation is the
admission control, resource allocation, and schedulinigllowing. First, find the usek*(¢) such that it has the
When a new connection request comes, we first ukrgest channel gain among all users. Then, schedule user
a resource allocation algorithm to compute how muckr(¢) with 8+ ¢ fraction of the frame; schedule each of
resource is needed to support the requested QoS. Tlhiem other user& # k*(¢) with ¢ fraction of the frame.
the admission control module checks whether the r&hus, a fraction3 of the frame is used by the K&H
quired resource can be satisfied. If so, the connectisoheduling, while simultaneously, a total fractiéitt of
request is accepted; otherwise, the connection requesthis frame is used by the RR scheduling. The total usage
rejected. For admitted connections, packets that beloofjithe frame is3@ + K¢ < 1.
to different connectiorlsare put into separate queues.

The scheduler decides, in each fratéow to schedule
packets for transmission, based on therent channel B. Admission Control and Resource Allocation

ains g (t) and the amount of resource allocated. . . . .
g 9(t) The scheduler described in Section IlI-A is simple, but

In the fO”OWing SeCtionS, we describe our SChemqg needs the frame fractionﬁ(i”C} to be Computed and

for scheduling, admission control and resource allgeserved. This function is performed at the admission
cation in detail. We only consider the homogeneousntrol and resource allocation phase.

case, in which all users have the same QoS require-s_ | ider the h ith
ments{rs, Dp.qz,} OF equivalently the same QoS pair Ince we only consider the homogeneous case, with-
{re,p = —loge/Dpmas} and also the same channePUt loss of generality, denotec s(u) the effective ca-

L a. similar Dopol that all Jacity fgnction of usekk =1 undg_r the joint K&H/RR_
statistics €.g, similar Doppler rates), so that a userschedulmg (henceforth called ‘joint scheduling’), with

IWe assume that each mobile user is associated with only oﬁ@me Shares: and 3 reSpeCtlver'Le'v anote the ca-
connection. pacity process allotted to userby the joint scheduler
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as the processg(t) and then computey. g(u) using IV. SIMULATION RESULTS
(3). The corresponding QoS exponent functins () ) ) )
can be found via (5). Then, the admission control arf Simulation Setting

resource allocation scheme for users requiring the QOSyye simulate the system depicted in Fig. 1. Under the
pair {r;, p} is as below, joint scheduling, the transmission ratg(t) of userk
is equal to a fraction of its instantaneous capacity, as

minimize K+ 6) Delow,
’ + B)eg(t) if k=arg max g;(t);
subjectto ¢ 5(rs) > p, @) r(t) (C+Ben®) gie{l,... ,K}g 0
(1) =
Ke+B<1, ®) Cep(t) otherwise.
(=0, p=0 9) 11)
where the instantaneous channel capagity) is

The minimization in (6) is to minimize the total frame cx(t) = Belogy (1 + gk(t) x Po/ay) (12)

fraction used. (7) ensures that the QoS pair, p} of .
each user is feasible. Furthermore, Egs. (7)~(9) algvcpereBc denotes the channel bandwidth, and the trans-

o 7 mission powerP; and noise variance? are assumed to
serve as an admission control test, to check availabili Lo . .
. . e constant. The average SNR is fixed in each simulation
of resources to serve this set of users. Since we have

e ) . .
) . B run. We definer,..¢4, as the capacity of an equivalent
following relation for A > 0 (see [8, pp. 270-271] for aAWGN channel, which has the same average SN&,

proof)
Tawgn = Belogy(1 4+ SN Rqyg) (13)
Oc.o() = Orcas(Aw); (10) where SN R,y = Elgi(t) x Py/c?] = Py/o?. We set
Elge(t)] = 1.
we only need to measure thé s(-) functions for The sample interval (frame lengtff) is set to 1 milli-
different ratios of(//. second. Most simulation runs are 1000-second long;

To summarize, given the fading channel and Qo%of SOMe simulation runs are 10000-second long in order
’ ta, obtain good estimate of the actual delay-violation

homogeneous users, we use the following procedure'tb

achieve multiuser diversity gain with QoS provisioningProbapility Pr{D(cc) > Dy} by the Monte Carlo
method. Rayleigh fadingw.(t) are generated by the

following auto-regressive model

1. Estimatef; g(u), directly from the queueing behavior,
for various values of ¢, 5}. hi(t) = K X hi(t — 1) + ve(2), (14)

2. Determine the optima{{, 3} pair that satisfies users’
QoS while minimizing frame usage, by solving (6) to (9).

3. Provide the joint scheduler with the optimakand 3,
for simultaneous RR and K&H scheduling respectively.

whereuwy (t) are zero-mean i.i.d. complex Gaussian vari-
ables. The coefficient determines the Doppler ratieg.,

the larger thex, the smaller the Doppler rate. In this
paper, we do simulations with the following parameters
ixed: rqwgn = 1000 kb/s, K = 10, x = 0.8, and
—40 dB.

This summary indicates that our approach needs
address the following issues. Our paper [7] showed t eNR‘“’g -
usefulness of the effective capacity concept, only for a
single-user system. But, it is not obvious thatthe;(u) B performance Evaluation
estimate will converge quickly in the multiuser scenario,
or even that effective capacity can accurately predict QoSWe organize this section as follows. Section 1V-B.1
via (4) (although, theoretically, the prediction is accuratehows the convergence of our estimation algorithm. In
asymptotically for largeD,,...). Further, it needs to be Section IV-B.2, we assess the accuracy of our QoS esti-
seen whether the QoS can be controlled{y3}. Last, mation (4). Section I1V-B.3 investigates the effectiveness
we also need to show that our scheme can provideo&the resource allocation scheme in QoS provisioning.
substantial capacity gain, over the RR scheduling. Thelse Section 1V-B.4, we evaluate the performance of our
issues are addressed via simulations. scheduler.
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1) Convergence of Estimatehis experiment is to the space limit, we only show the results for different
show the convergence behavior of estimates. Fig. sburce rates in Fig. 3. We caution however that such
shows the convergence of the estimatefoff(u:) for a strong agreement between the bound and the actual
1 = 200 kb/s) for the queue. It can be seen that th©oS may not occur in all situations with practical values
estimate off converges within2 x 10* samples (20 of D,,.. (although the theory predicts the agreement
sec). The same figure shows the (lack of) convergenceasfymptotically for largeD,,...), such as in the case of
direct (Monte Carlo) estimates of delay-bound-violatiohigh diversity channel fading models.¢, higher order
probabilities, measured for the same queue (the tvidakagami fading models). See [8, page 137] for details.

probability estimates eventually converge 10—3 and . L
104, respectively). This precludes using the direct prob- 3) Effectiveness of Resource Allocation in QoS Pro-

. . ) visioning: The experiments here are to show that a QoS
ability estimate to predict the user QoS, as alluded to”. . o .
y P QosS, ir {rs, p} can be achieved (within limits) by choosing

in Section I. The reason for the slow convergence 2 or 3 appropriately. We simulate three data ras
the direct probability estimate is that the K&H schedul> —50, 60, and 70 Kb/s, respectively. We do two sets of

ing results in a user being allotted the channel in =0
bursty manner, and thus increases the correlation tir%éperlments as below.
of D(t) substantially. Therefore, everd® samples are  In the first set of experiments, only the RR scheduling
not enough to obtain an accurate estimate of a probabiligy used; we changg from 0.1 to 1 and estimate the
as high asl0—3. resultingd for a givenp. Fig. 4(a) shows that increases
with ¢. Thus, Fig. 4(a) can be used to allpto a user to
2) Accuracy of Channel Estimatiorfhis experiment satisfy its QoS requirements when using RR scheduling.

is to show that the estimated effective capacity can|n the second set of experiments, only the K&H
indeed be used to accurately predict QoS. scheduling is used; we change from 0.1 to 1 and

By changing the source ratg, we simulate three estimate the resulting, for a givenu. Fig. 4(b) shows
casesj.e., 1 =100, 200, and 300 kb/s. Fig. 3 shows théhat ¢ increases with the increase of and thus the
actual delay-bound violation probabilitir{D(cc) > figure can be used to allgt to a user to satisfy its QoS
Dynaz} Vs. the delay bound,,.,. From the figure, it requirements when using K&H scheduling.
can be observed that the actual delay-bound V|olat|on4) Performance Gains of Schedulingthis experi-

probability decreases exponentially wihnas, for all - ont qemonstrates the performance gain of the joint

the cases. This confirms the exponential dependenéc(%edu”ng over the RR scheduling, using the optimum

shown in (4). {¢, B} values specified by the resource allocation al-
In addition, we use the estimation scheme in [8, pag®rithm. In particular, it shows that for loose delay

81] to obtain an estimated; with the resultingd, we constraints, the large capacity gains promised by the

predict the probabilityPr{D(co) > Dq.} (using (4)). K&H scheme can indeed be approached.

As shown in Fig. 3, the estimatelr{ D(c0) > Doy}

is quite close to the actudPr{D(c0) > Dpmar}. ThiS 510t KeH and RR schedulers, for a range of source
demonstrates that our estimation is accurate, which j ite 11, when the entire frame is useide(, K¢ + 3 = 1)

tifies the use of (7) by the resource allocation algorithrﬁj] the case of the joint scheduling, each point in the

to guarantee QoS. figure corresponds to a specific optimu, 5}, while
Notice that the (negative) slope of ther{D(c0) > for the RR and the K&H scheduling, we sk = 1 and
Dq. } plotincreases with the decrease of the source rate= 1 respectively. The figure can be directly used to
u. This is because the smaller the source rate, the smaltbeck for feasibility of a QoS paifrs, p}, by checking
the probability of delay-bound violation, resulting in ahat it satisfiesf(rs) > p. In particular, for a givery,
sharper slopei.g., a larger decaying rat@). the ratio ofu(6) of the joint scheduler to the(#) of the

We also did simulations under different SNR, differRR scheduler (both obtained from the figure), represents

ent Doppler rates, and different autoregressive chani{if delay-constrained capacity gain that can be achieved
fading models (a range of AR(L), AR(2) models). Refe? Using the joint scheduling.

to [8, page 137] for details. All the results have shown Three important observations can be made from the
the exponential behavior of the actu&hr{D(cc) > figure. First, the range of can be divided into three
D,...:} and the accurateness of our estimation. Due segments: small, medium, and la#evhich correspond

In Fig. 5, we plot the functio(u) achieved by the
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to three categories of the QoS constraints: loose-delay, V. CONCLUDING REMARKS
medium-delay, and tight-delay requirements. For small

6, our joint scheduler achieves substantial gaig, ap-
proximatelyzjf:1 + channel capacity gain for Rayleigh

In this paper, we examined the problem of QoS
provisioning for K users sharing a single time-slotted

fading channels at low SNR. For example, when- Rayleigh fading downlink channel. We developed simple

0.001, the channel capacity gain for the joint scheduléind efficient schemes for admissiqn contr_ol,_ resource
is 2.9 which is close ,@21160:1 % — 9.929. For medium allocation, and scheduling, to obtain a gain in delay-

6, our joint scheduler also achieves gain. For exammggnstrained capacity. Multiuser diversity obtained by the

when @ — 0.01, the channel capacity gain for the joimwell-known K&H scheduling is the key that gives rise
scheduler is 2.6. For large such ag — 0.1, our joint to this performance gain. However, the unique feature

scheduler does not give any gain. Thus, the figure shm%th_is paper is explicit support of the sta_ti_s'_[ical QoS
the range of¢ (delay constraints) for which a K&H réauirement{r,, Dy, <}, for channels utilizing the
type scheme can provide a performance gain. When #}&H scheduling. The concept of effective capacity is
scheduler is provided with the optimuiit, 3} values, the key that. exphcnly guarantees the QoS. Thus, the
the QoS guaranteed to the user are indeed satisfied. RBPE" combines crucial ideas from the areas of com-

surprisingly, the simulation result that shows this fact igwnlcatlo_n theory and queuging theory _to provide the
similar to Fig. 3, and therefore, is not shown. tools to increase capacity and yet satisfy Q0S con-
straints. The statistical QoS requirement is satisfied by

Second, we obserye that the joint scheduler hasy channel assignmen{ts, 3}, which are determined by
larger effective capacity than both the K&H and the Rihe resource allocation module at the admission phase.
for a rather small range df. Therefore, in practice, it Then, the joint scheduler uses the channel assignments
may be sufficient to use either K&H or RR scheduling( 31 in scheduling data at the transmission phase, with
depending on whethef is small or large respectively, gyaranteed QoS. Simulation results have shown that our
and dispense with the more complicated joint schedulingyproach can substantially increase the delay-constrained
However, we have designed more sophisticated jOiB&pacity of a fading channel, compared with the RR

schedulers, such as splitting the channel between g eduling, when delay requirements are not very tight.
best two users in every slot, which perform substantially

better than either the K&H and the RR scheduling, for
medium values of) [8, page 143].

Third, the figure can be used to satisfy the QoS Th'j vyork V\(/jas shupported by the National Science
constraint (7), even though it only represents #i¢ + Foundation under the grant ANI-0111818.
B = 1 case, as follows. For the QoS pdirs, p}, we
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Fig. 1. QoS provisioning architecture in a base station.
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