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Statistical QoS Assurances for High Speed Wireles:
Communication Systems

F. Ozan Akgiul and M. Oguz Sunay

Abstract—In this paper we propose the use of statistical nature of the wireless channel. If QoS assurances are given
QoS guarantees for transmission over the wireless channel.tg ysers, the wireless system design needs to ensure that eve
Here, instead of QoS assurances, we propose to guarantee th§ynen il users’ channels deteriorate simultaneously, g Q

percentage of time the QoS requirements are satisfied. We pgent . ) o .
an associated scheduling algorithm for the opportunistic mltiple requirements of these users are still satisfied. Physiger la

access system. We compare the proposed scheduler with popul esources need to be reserved accordingly, resulting im poo
schedulers from the literature. We observe that the statistal spectral efficiency. In fact, one can argue that, for prattic

QoS guarantee is an attractive alternative to the assured @ purposes, it is very difficult to provide QoS guarantees in
service for the V\(lreless platform, since such st.rlct“Qos agsances \uireless systems, unless the QoS requirements are no more
decrease the wireless system performance significantly. . . .
stringent than the current voice service.
Index Terms-Wireless packet data provisioning, resource allo-  An intermediate level for the definition of QoS is necessary
cation, scheduling, QoS, 3G, 1XEV-DO. then for wireless communications, between best effort and
expensive and spectrally inefficient guaranteed servioe. |
|. INTRODUCTION this paper, building on [2] we investigate a definition that
With the ever increasing use of the Internet, there is a sig- neither. Instead, we propose the use of statistical QoS
nificant interest in making this technology available angve guarantees. Specifically, we propose a wireless systemewher
anytime. To this end, research in wireless systems hay lattle QoS requirements are guaranteed to subscribers foea giv
focused on providing high speed packet data access. Reqegrcentage of time (PoT) . This definition allows flexibility
advances in the design of wireless packet data systems htavéhe physical layer resource allocation protocol so that t
made it possible to achieve higher spectral efficiencies asylstem profits from the channel fluctuations of the usersrath
thus higher system throughput. Such enabling technoldgies than being penalized.
high speed wireless data have also brought up possibifities The definition of the PoT QoS assurance fits perfectly into
the provision of a multitude of services in addition to théhe opportunistic multiple access scheme described irT[&3.
traditional voice service. Streaming video, and audio a we@pportunistic multiple access scheme allocates (schedale
as broadcast of multimedia content are a few such exampleBysical layer resources to only one user at a given pre-
As a result, wireless system designs of today need to ettplicidefined time slot. If the user observing the best channel
take the quality-of-service (QoS) requirements of theisess conditions is scheduled for service at a given time, thersehe
offered. is shown to be optimal in terms of system throughput in
The term QoS may imply different service provisioningrequency flat fading channels [9]. In opportunistic mukip
policies in several different contexts. It may be regarded access, adaptive coding and modulation need to be employed
having a certain maximum delay requirement for packets,far each scheduled user so that the transmission is done at
certain minimum throughput level or a certain maximum dathe highest possible data rate that is allowed by the current
loss rate. In this paper we regard QoS as a certain minimwinannel conditions [3]. The recently standardized 3G syste
average data rate intended to be supplied to active users d¥e856, is a packet data only system that utilizes oppostimi
a certain time window. multiple access with adaptive coding and modulation [15].
The current Internet provides only best effort type of At the heart of the opportunistic multiple system there is
service to all subscribers. Enhanced services to the lgitera scheduler that selects which user to service at a given time
are being studied and a number of proposals are on the tabblstance and its proper design is key in ensuring satigfacto
IETF'’s Differentiated Services (DiffServ) Working Groufi][ system performance [14]. The scheduler allocates the rayste
propose offering QoS in terms of Assured Forwarding [5] arrésources to different users in a time-multiplexed fashion
Expedited Forwarding [7] for the packet data transmisdio. The choice of the scheduling algorithm affects the system
pedited Forwarding corresponds to a low loss, low laterosy, | throughput as well as the average delay experienced by users
jitter, assured bandwidth service whereas Assured Fomgrdin between successive accesses to the system. The thraughpu
further classifies services into 4 classes and 3 degreesopfimal scheduling rule is one where the user with the best
drop precedence (high, medium, low). Each of these DiffSechannel conditions is scheduled for service for each tirae sl
mechanisms correspond to a Per Hop Behavior (PHB) Grolp such a scenario, the larger the number of users in the
[1]. The PHB Groups may be specified in terms of thesystem, the more likely it is to find a user experiencing a
observable traffic characteristics (e.g delay, throughput  really good channel resulting in a better system throughput
QoS assurances in the form of Expedited Forwarding @his is referred to as multi-user diversity in the literatuthe
Assured Forwarding can become prohibitively costly in wirghroughput optimal scheduling algorithm would be impreeti
less systems. This is due to the time-varying and errorgroas users closer to the base station would almost alwayswebser
Manuscript received 28 September, 2006 better channel conditions than those fl_thher away ar_1d thus
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neering, Kog University, Rumeli Feneri Yolu Sariyéstanbul 34450, Turkey Others for service. Then, ideally scheduling algorithmat th
(e-mails: fakgul@ku.edu.tr; osunay@ku.edu.tr). provide fairness across subscribers while utilizing rudter
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TABLE | . : . .

AVAILABLE DATA RATES IN |S-856 signaling scheme has a corresponding physical layer packet
St T size. In 1S-856, the physical layer packet is defined as thekbl
Rate (kbps)  Slots Size (bits) Code Rate Modulation N WhICh.the mformgﬂon Qata is encodgd. 4 physical .Iayer
384 16 1024 1/5 QPSK packet sizes are defined in 1S-856 revision 0. The notion of
12-386 i iggﬁ 1//2 gigﬁ the physical layer packet is there to ensure that there igysiw
307.2 2 1024 15 OPSK a sufficient amount of data bits for the error control coding
614.4 1 1024 1/3 QPSK algorithm regardless of the transmission rate. Clearlis th
22‘71-2 ‘2‘ ggig 1@ Qﬁgﬁ results in physical layer packets sometimes spanning pheilti
1228.8 1 2048 13 SPSK slots depending on the data rate. The available data readés th
921.6 2 3072 1/3 8-PSK can be served to the users in the IS-856 system are given
ig‘z‘g-g % ig;g ig ?ESPSE\M in Table 1 along with the associated modulation and coding
24576 1 4096 13 16-0AM levels and the number of time slots necessary to transmit the

physical layer packets.
When more than one slot is allocated for the transfer of

. . . _ information data, the transmit slots use a 4-slot intenigci
diversity as much as possible are desirable. The study tgfperform a simple hybrid ARQ operation. Here, the trans-

scheduling algorithms is an active research topic. mit slots of a physical layer packet are separated by three
This paper aims to show that an opportunistic multiple agtervening slots, and slots of other physical layer packet
cess scheme, such as 1S-856, can provide PoT QoS assurage€sransmitted in the slots between these transmit slbts. |
to its customers using an appropriately defined scheduliggsitive acknowledgement is received on the reverse linK AC
algorithm. Here, we present one example of such a scheduighannel before all of the allocated slots have been trateit
and show that it Outperforms the traditional SChedUIermfrOthe remaining slots of the physica] |ayer packet need not be
the literature in providing statistical QoS assurancese Tlansmitted and the next allocated slot may be used for the
IS-856 system is described for a bandwidth of 1.25 MHgst siot of the next physical layer packet transmissiorthia
and provides peak data rates of over 2 Mbps. When thgse, the net effective transmission rate of the physigarla
QoS requirements are stringent and a moderate numberpgt:ket is increased.
subscribers are active in the system, this bandwidth may nofp, |S-856, the MS, using the time-multiplexed pilot charsel
be sufficient to properly operate the system. A multi-carrigo produce estimates of the SNR levels from each BS, selects
extension of the IS-856 system is also studied in this papfie best possible server. Based on the SNR level from the
that operates on a bandwidth of 5 MHz. serving BS, the MS can then determine the highest data rate
The rest of the paper is organized as follows: in SectiqRat it can support at the required packet error rate. Tha dat
Il, we provide a brief overview of the 1S-856 system and itgate used to transmit the information packet is determined b
multi-carrier extension. A brief overview of the tradit@n channel conditions. When conditions are unfavourableyaio
scheduling algorithms from the literature is given in thigata rate with more slots is used. As stated earlier, each BS
section as well. Building on these schedulers, we developrgnsmits to only one MS at any given time in 1S-856. If there
statistical-QoS scheduler in Section Ill and provide aié&da are more than one MS requesting service at any given time, the
comparative performance analysis in Section IV. Finallg, W8S must select which mobile to transmit to using a scheduling

conclude the paper with conclusions in Section V. algorithm. To aid the BS with this process, each MS sends a
message indicating the maximum data rate it can support on
II. OVERVIEW OF THEIS-856 SYSTEM the downlink every 1:667 ms:

The wireless system under consideration in this paper is theA multi-carrier option for 1S-856 is easily feasible where
recently standardized North American 3G system for packat integer multiple of neighboring carriers are used simul-
data, 1S-856 [15]. 1S-856 offers spectrally efficient higltal taneously by a base station. The simplest implementation of
rate access by jointly utilizing the findings of [9] and [3] iwh such a system would be to use exactly the same air interface
state that the maximum spectral efficiency is achieved whas the 1x 1S-856 for each of the carriers. In this case, for a
one is able to adjust the transmission modulation, codirty asystem withn carriers, the scheduler can schedule up:to
power according to the changes of the channel charactsristisers in parallel and allocate all of the per-carrier resesir
and that it is best to provide all of the resources of the systdo the scheduled users at a given time. It may be possible
to serve to only one user at a given time if the communicatidar a user to get scheduled for some or even all of the
channel experiences frequency flat fading. Indeed, overcarriers at the same time. Thus the peak data rate for the
single-carrier of 1.25 MHz bandwidth (referred to as 1xg thmulti-carrier 1S-856 is effectively: x 2.4576 Mbps. The 3x
IS-856 system divides the time into slots of length 1.67 niS-856 resource allocation is illustrated in Figure 1. Inltiu
and allocates all of its resources to a single user at a giren t carrier opportunistic multiple access, the scheduler megdn
slot. A scheduler located at the base station decides wisieh uto decide which user to schedule for each of the carriers by
to service at a given time slot. To aid the scheduling opemati incorporating information from all of the carriers. Indedde
all active users send channel quality feedback to the sgrviactive users need to send channel quality feedback for all of
base station every 1.67 ms. Once a user is scheduled, basethencarriers to the serving base station. Since schedufing o
the observed channel quality between the base station &nd ghgiven user for service in one of the carriers affect its QoS
user, the modulation and coding levels are adjusted to geovperformance, the scheduler cannot perform resource &tboca
transmission at the maximum possible data rate while emgurindependently for each carrier.

a given level of packet error rate (=1% in 1S-856). Numerous schedulers have been studied in the literature for

Adaptive coding and modulation allows for a total of 1Zystems employing opportunistic multiple access, incigdi
signaling schemes in 1S-856 with 9 distinct data rates. Eatiie 1x 1S-856, with the aim of offering various notions of
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Frequency mean (averaged over a certain window) is the best. The rule
schedules uset such that,
R;(t
s=argma>§( U) (2)
Time R;(t)

where R;(t) is the average rate actually provided to user
over a window of sizéV,. W, is chosen as 1000 slots in this
paper.
User 2 The PF rule aims for fairness through the observation that
User3 the user with a geographically closer location to the base
Userq4  Station will most likely have a higher average throughpatih
a user at the cell boundary. Since, the PF rule only ranks the
users according to their instantaneous channel qualélatve
to their own average channel conditions, the users that have
higher average throughputs are not necessarily at an ayant

User 1

_,: ,‘__ User 5

Code (user) 1.667 msec

Fig. 1. Resource Allocation in Multi-Carrier Opportungstultiple Access D. The Exponential Rule

The authors in [12] describe an exponential scheduling
fairess among users without deviating too much from tt#gorithm that takes into account the delays of the head of
throughput optimal operating point. Next, we provide a bridine (HOL) packets in the user queues as well as the current
overview of some of the scheduling algorithms from thehannel conditions of the users to find a compromise between
literature. fairness of the user observed latency and the overall system

throughput. The rule schedules usesuch that,

A. Round Robin Rule

. . _ s = arg max ilt) exp L)~ L ()
One well-known scheduling scheme is the Round Robin “\ Ri(t) 1+vVIL
(RR) rule. In RR scheduling, the users are selected in cyclic _ .
order without any regard to their channel conditions unle¥d1€reLi(t) is the latency of the HOL packet for useat time
they are in outage. If no user ever experiences outage, th@nd L is defined as the observed latency averaged across all
scheduling has the highest level of fairness in terms ofineso  US€'S: _
use time amongst users. However, the system performancd! (3), @ large latency observed by one of the users relative

suffers from low average throughput since multi-user diitgr to the overall average latency results in a very large exppne
is not exploited. overriding the channel conditions and leading to the large

latency user getting priority. On the other hand, for small
latency differences, the exponential term is close to 1 &ed t

policy is only ruled by the experienced user channel cooialti
The maximum rate (MaxR) rule aims to maximize theelative to their own means.

overall system throughput without any delay or fairness-con

straints. This algorithm is theoretically the optimal aigfum E. Minimum Performance Rule

for the total system capacity [9]. However it cannot be diyec . . . ) )
implemented in practice since it may cause user starvafiom. 1 he authors in [11] describe a scheduling algorithm in

B. Maximum Rate Rule

rule schedules user such that which users are guaranteed a certain minimum throughput.
’ The minimum throughput can be chosen differently for each
s = arg max (R;(t)) (1) user. The algorithm selects usesuch that,
where R;(t) is the data rate user can support at time. s = arg maxa; (t)U; () 4)

If all active users in the system have independent, identi- ) ) .

cally distributed carrier-to-interference'( 1) distributions, the Wherea(t) is a parameter with a minimum value of 1 (also
maximum rate rule not only provides the maximum networ'® initial value for each user) that is updated every slat an
throughput, but also provides equal time share amongst #d?) i the performance value of userin time slot?. The
users in the long run. However, in a cellular system, it Rerformance value we are going to assume in this paper will be
obvious that theC'/I distributions of the users will not be t€ throughput of a user normalized to the lowest throughput
identical. The users further away form the base stationk wivailable in the system. For 1S-856, the lowest throughput i
have distributions with means lower than those of users th-4 KPPS so a user with a scheduled transmission rate 04614.
are closer to the base stations. For this reason, the maximifRs would, as the performance value, have 16. _
C/I scheduler is likely to cause unfaimess across users and "€ update of the parametey(t) is made using a stochastic

at worst, user starvation and thus is not suitable for prakti @PProximation [10] and includes the minimum performance
use. guarantee. The update is as follows:

ai(t) = max(ai(t — 1) —a[Ri(t) - Gy, 1) (5)
C. The Proportional Fair Rule
The proportional fair (PF) rule as described by [8] servé¥here Li(t) is the average user data rate aqd is the

a user whose current channel condition relative to its oWRiNiMum guaranteed performance value for usepecified
in this paper as the desired QoS value in terms of the average

data rate.
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TABLE Il

In (6), if the average data rate of a user falls below the QoS
SYSTEM PARAMETERS AND FORWARD L INK BUDGET.

requirement by more than ordgfQoS the exponential term

Carrier Frequency 2 GHz dominates, overriding thé&,(¢t) term, thus favoring this user
Ra(::atlon Pattg"l‘ ; On;md'feCt'O”a' — over users with better channel conditions. When the average
Path Loss Model (dB) fl?kff)loffc( ﬂégz;r 401ogs0 data rate is close to the desired QoS, the exponential term is
Log-normal Shadowing | 4.3 dB variance close to 1 and the algorithm behaves like the MaxR scheduler.
Short term fading Rayleigh with Jakes spectrum Without the steps 3-4, the proposed algorithm favors a
Total Forward] Trafric user whose QoS level is below and furthest away from the
Channel Tx Power 52.8 dBm . .
desired QoS level over other users with better QoS levels.
TABLE Il If, however, the scheduled user with the lowest QoS level
ADDITIONAL SYSTEM PARAMETERS FOR3X. also happens to have a low transmission data a€,), the
_ _ scheduling operation will not provide a significant incre&s
Carrier Frequencies 1.99875 GHz, 2 GHz, 2.00125 GHg th dat te. In fact. the dat t b | that
Correlation Between Carriers | 1/(1 + [Af/Bc]) € average data rate. In fact, h € data rate may be so low tha
Af= Carrier Frequency Separatiof the Qo0S, even after the user is scheduled, may not get close
Bc= Coherence Bandwidth to the minimum desired threshold. In this case, the system

resources of time and transmission power will be spent with
no apparent benefit to the scheduled user. Furthermores user
; _ that may actually benefit from utilizing these resourced wil
As stated before, the goal of this paper is to develqpy have access to them. The threshold operation is there to
a scheduling algorithm for wireless opportunistic mukiplyeed out such users from getting scheduled. This way, users i
access systems such that QoS guarantees may be offegital conditions with transmission data rates that ateally
to users statistically. Furthermore, the appropriate dolee peneficial to them get priority over users in critical coratis
should be fair to all its users in terms of these Q0S assusanGgat have no way of immediate recovery. The threshold levels
The above described scheduling algorithms in their orlina gre clearly functions of number of users as well as the specifi
proposed forms do not have satisfactory QoS performancesygs requirement. As the number of users increase, threshold
terms of the percentage of time performance (PoTP). also increase. Similarly, an increase in the desired Qo&l lev
A fair scheduling algorithm that aims for statistical Q0$y5q results in an increase in the threshold level. Figure 2
assurances should incorporate the QoS parameters dirgctly presents the optimized threshold values for the 1x and 3x
the decision process. We propose to use a modified version {ge356 system. The thresholds are computed using a simple
exponential rule for this purpose. Our motivation for usihg  optimization of the PoTP QoS via simulations. The details

exponential rule is that instead of equalizing weightedyiel f the simulation set-up for this purpose is given in the next
of the queues, it is easily possible to equalize the average dgection.

rates of all the users with respect to the QoS requirements,
provided that the QoS requirements (desired average data ra
in this paper) for all of the users are the same. However, the
proposed scheduling algorithms can also be extended for use . o
in a wireless system that provides a multitude of servicashe _ 10 assess the relative performance of the proposed statisti
requiring different QoS values. The proposed StatisticaSQ QoS aware .scheQUIer and the schedglmg rules from the liter-
Aware Exponential scheduling algorithm can be described @4/re described in the previous section, we have performed
follows: detailed simulations of the 1S-856 system for both single
1) For each of the carriers select usethat provides the Carrier and multi-carrier options. o
largest argument We consider a 2-tier _19-ce|| environment. Here, the first tie
_ has 6 and the second tier has 12 cells centered around the cell
s = Ri(t) exp (QOS - Ri(t)> ©6) of interest. Each cell is considered to have a radius of 1 km
1+ +/QoS in the layout. We assume that users are dropped uniformly

whereQoS is the minimum average data rate request er the center cell. For each user, the signal to interferen
by the service under consideration plus noise (SINR) is calculated using the ITU pedestrian A

2) Check the current supported data rate of the Selec@&annel model for each of the carriers [6]. The channel model
user, R; (t) includes path loss, Rayleigh fading and shadow fading tffec

3) If the current requested data rate for the selected usemsmc’del.Ing the pedesrian 'lo‘ cgh%;me]! Wﬁ have assumeq thdat
equal to or greater than a certain threshalely) > T'(¢) the receiver can capture only 6 of what was transmitted.

service this user. The threshold values are a function}lf'e link budget and the system parameters are summarized in
&

the number of active users in the system and is det _Il?lhe . " ) ¢ has th i del
mined and stored a priori at the base station. Thresholg/ € mufti-carrier system has the same propagation mode

Il. QOSAWARE SCHEDULING ALGORITHM FORI1S-856

IV. PERFORMANCE OF THESTATISTICAL QOS AWARE
SCHEDULER

values providing the best statistical QoS measures m3 Tag_le I fqr each carrer. I—:ov_vever, "; the Eub-cgrrlers
be found via humerical optimization tools. Simulation§'® adiacent, inter-carrier correlation needs to be takem |

may be run for all possible threshold values and the Qgcount as well. The additional system parameters for the 3x

providing the best performance may be chosen. ml_JrIE-camer ?ystem arfe glvhen n Talbl_e . is 600 Hz which
4) Otherwise select usgrwith the next highest argument, e sampling rate for the simulations is Z whic

s;, and proceed with step 2 until all the users arglso corresponds to the channel quality feedback rate from

exhausted in the user array. all the users in 1S-856. The simulations have been performed

5) If none of the users satisfy the threshold requiremerﬁ?,r 18000 slots corresponding to 30 seconds of real time.

select the user with the highest argument regardless of
its requested data rate.
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Fig. 6. Supported QoS Levels versus Number of Users at the ©Opésating Level

For each time slot, the SINR value of each user is used toFigures 5 and 6 illustrate results for the supported QoS
generate the channel quality feedback of the users and thiesels at 99% and 90% operating levels as a function of
values are used in the scheduling simulations to obtain Palimber of users. In this illustration, it is once again clireat
results. the proposed scheduler outperforms the others significantl

Simulations have been performed to obtain the PoTP valu@ace again, as the system capacity is neared, the gains
for different scheduling algorithms based using the abosemehow decrease, but gains are observed at all operating
described set-up. Figures 3 and 4 show the percentagelevils.
time the desired QoS is not satisfied as a function of the
number of users for the proposed scheduling algorithm as V. CONCLUSIONS
well as the traditional algorithms from the literature fiwet

. . . ) - In this paper we have introduced the notion of statistical
single carrier and multi-carrier 1S-856 system, respetjiv

ired d £ 32 kb 4 64 kb idored 0S assurances as a feasible alternative to assured QoS in
Desired data rates o ps and 64 kbps are considere eless time-varying and error-prone channels. We hawge pr

the single carrier and 128 kbps and 256 kbps for the 3x mu'Hbsed a new scheduling algorithm for the 1S-856 system that

carrier system. From the graphs we can see that the propo&q&s the statistical QoS requirements directly into antou

scheduling algorithm performs significantly better thae thBoth single carrier and multi-carrier wireless systems are
other scheduling algorithms for all of the QoS requirementg

¢ h he desired level i latively | h onsidered. The multi-carrier system naturally providighér

Ir? act, when the desired QoS leve IS relatively low, th@aiq rates and thus is capable of reasonable quality singami
difference between the proposed algorithm and the rest C@eo transmission over the wireless channel

be as high as 5-fold. For larger QoS levels and high number-l-he proposed scheduling algorithm is shown to perform

of users, the difference between the performances is rddycﬁgnificantly better than previously developed schedudityp-

This is because, the system operates near its full capacity,

) rithms from the literature. In fact, for the single carrigstem,
this case and even the best scheduler can not handle all Of&neaverage data rate of 60 kbps may be guaranteed 99% of
active users at the same time.
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the time for only 1 user using the maximum rate schedulgrl] X. Liu, E.K.P. Chong, and N. Shroff, “Transmission Sdhting for Ef-

2 users using the round robin and minimum performance ficient Wireless Resource Utilization with Minimum-Penfwance Guar-
. . . antees”, in ProclEEE INFOCOM 2001, Anchorage, Alaska, USA, April

schedulers, 7 users using the exponential and proportional,qg;

fair schedulers. The proposed scheduler on the other hapd} S. Shakkottai and A. Stolyar, “Scheduling Algorithmar fa Mixture

provides this guarantee for 13 users, over 50% more usets tha ?&&?%ngsor?”gog‘oo”'Rea"Time Data in HDRBell Laboratories
the best performmg scheduler from the literature. S"WH’D" [13] G.L. Stuber, Pr’inciplea of Mobile Communications, 2nd Ed., Kluwer

the 3x multi-carrier system, a data rate of 200 kbps may be Academic Publishers, 2001.
guaranteed 99% of the time for only 1 user using the maximuf#l M.O. Sunay and A. Eksim, "Fair Scheduling for Spedjrafficient
. . . Multi-service Wireless Data Provisioningt¥Mley International Journal
rate scheduler, 2 users using the round robin, 4 users U8ng t o communication Systerms, vol. 17, no. 6, August 2004, pp. 615-642.
minimum performance scheduler, 8 users using the expaieniis] TIA/EIA/IS-856 “cdma2000 High Rate Packet Data Airérface Spec-
and proportional fair schedulers. The proposed schedaler i 'fietion”, 36PP2, C.50024, v4.0, October 2002
this case provides the service for a total of 13 users, onamag
an over 50% increase over the best performing scheduler from
the literature. ;
We conclude that the proposed statistical QoS assuraf
idea and the associated scheduling algorithm works very wg
for the wireless channel and is a perfect fit for the oppostimi
multiple access scheme.
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