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DATA TRANSM SSIONS I N A W RELESS COMMUNI CATI ON SYSTEM FI ELD [ 1001] The
present iwoanBmsesrel ates to wirel ess data comruni cati on. PCVrse2/33348
particularly, the present invention relates to a novel and inproved nethod
and apparatus for scheduling packet datja transmssions in a wreless
communi cati on system BACKGROUND [1002] In a wireless comrunication
system a base station communicates with multiple nobile users. Wreless
conmuni cati ons ma& i ncl ude | ow del a\édat a conmuni cations, such as voice or
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" METHOD AND APPARATUS FOR HI GH RATE PACKET DATA TRANSM SSION,™ filed Nov.

3, 1997 describes high rate packet data transm ssions, and hereby
expressly incorporated by reference. [1003] Packet data transm ssions are
not requin Eo be Iow | atency transm ssions, and therefore allow the base
station flexrbility in scheduling nobile user transm ssions within a
system Once schedul ed, the base station may transmt data to as little as
a single | ].e user_durin .given tine period. In neral , scheduling of
packet datl bi | e USW progenh IByeilan FelatdS.le guieless dhfa ?c?m@wngf@ipnis to
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gi ven usel iukieatidh stdlefxcessive time allocations to that user
parti cul ar Py at tﬁe expense of other users. [1004] There is a need,

therefore, for a fair nmethod for scheduling packet data transm ssions to
nobi | e us | hannel - sensitive. WD 03/ 039085 PCT/ US02/ 33348 2
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[1002] In a wireless communication system, a base station
communicates with multiple mobile users. Wireless communications may
include low delay data communications, such as voice or video transmissions,
or high data rate communications, such as packetized data transmissions. U.S.
Patent Application No. 08/963,386, entitled "METHOD AND APPARATUS FOR
HIGH RATE PACKET DATA TRANSMISSION,” filed Nov. 3, 1997 describes
high rate packet data transmissions, and hereby expressly incorporated by
reference.

[1003] Packet data transmissions are not required to be low latency
transmissions, and therefore allow the base station- flexibility in scheduling
mobile user transmissions within a system. Once scheduled, the base station
may transmit data to as little as a single mobile user during a given time period.
In general, scheduling of packet data mobile users in a system has two goals.
The first goal is to optimize the utilization of each channel. The second goal is
to allocate transmissions to mobile users fairly. The two goals sometimes
compete. For example, channel quality conditions and the amount of pending
data for a given user may result in excessive time allocations to that user
particularly at the expense of other users.

[1004] There is a need, therefore, for a fair method for scheduling packet
data transmissions to mobile users that is channel-sensitive.



[ 1005] The discl osed enbodi nents provide a novel and inproved nethod for
schedul i ng packet data transm ssions in a wireless conmunication system

I N one aswewB/039085 a Wi rel ess comruni cati on system adapt ed PCaruspzsises dat a
transm ssions, a nethod includes receiving rate request indicators for a
plurality of nobile stations, calculabing priority function values for the
plurality of nobile stations in response to the rate request indicators,
and scheduling transm ssions to t@%§ stations according to the
priority function value. [1006] Ac 0 anot her aspect, a wreless
apparatus includes a priority factor calculation unit adapted to receive
data rate ests : | | al ues
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data transactions in a wireless communication system includes determining a
pool of users, calculating a priority function of at least a portion of the pool of
users, scheduling a first set of users having pending data transactions from the
portion of the pool of users, receiving rate request indicators from the portion of
the pool of users, and updating priority functions of the first set of users in

response to the rate request indicators.
BRIEF DESCRIPTION OF THE DRAWINGS

[1008] The features, objects, and advantages of the presently disclosed
method and apparatus will become more apparent from the detailed description
set forth below when taken in conjunction with the drawings in which like
reference characters identify correspondingly throughout and wherein:

[1009] FIG. 1 illustrates in block diagram form a wireless communication
system according to one embodiment;

[1010] FIGs. 2A and 2B illustrate in flow diagram form a method for
scheduling packet data transmission in a system as in FIG. 1 according to one
embodiment;



[1012] FIG 4 illustrates in block diagramforma portion of a base station
as in FIG 3 according to one enbodinent; [1013] FIG 5 is a flow diagram
for schedwbioag3®as a transm ssions; [1014] FIG 6 ill ustraPe€3/usar/as348

transm ssions in a wireless comunication system [1015] FIGs. 7A and 7B
il lustrate automatic repeat requests iR a data transm ssion; [1016] FIG 8
Is an energy plot of data transm ssions; and [1017] FIG 9 is a nethod for

updati ng roughp par. ter in.a data transm ssion. ..DETALL
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t hr oughputrapémissipncen nobil e user. The PF values allow the base station to
schedul e active nobile units having pending data. The scheduling produces
an approxi mately equal share of the allocated transm ssion tinme to the

nul ti pl e nmobi IDEBARED DESCRIPACMNOFSTHEPRREEERRES £EMBOOIMENAS Schedul i ng
al l ocation inproves channel sensitivity by reducing adverse effects

associ ated with assigned data rates. Actual data rate assignnents provide

[1018] In an exemplary embodiment of the present invention, a base station of a
spread-spectrum wireless communication lsystem schedules packet data transmissions
to mobile users based upon the instantaneous values of a per-user Priority Function
| (PF). The user scheduling priority is related to the PF value, wherein a high PF value
indicates a high scheduling priority and a low PF value indicates a low priority. In one
aspect, a method for determining PF values is based on a channel condition indicated
by a Rate Request Indicator (RRI). The method also considers a fairness criteria
dictated by the Quality Of Service (QOS) requirements. Such a method provides
robust protection against non-zero buffer under-runs on the transmitter side. In one
embodiment, the rate request indicator is a Data Rate Request (DRR). In another
embodiment, the rate request indicator is Carrier-to-Interference (C/1) information.
Alternate embodiments may implement other types of rate request indicators or
predictors. In the exemplary embodiment, the base station calculates a Priority
Function (PF) for the multiple mobile users. Each PF is a function of the rate request
indicator and the projected throughput of a given mobile user. The PF values allow the
base station to schedule active mobile units having pending data. The scheduling
produces an approximately equal share of the allocated transmission time to the

multiple mobile stations.



guanti zed transm ssion rates. This results in a coarse adjustnent of data
rates within a system Actual data rates nay be truncated, or otherw se
mani pul atwo,03nsw8dnf orm to the assigned and avail abl e daPaTriesvm3iz4By usi ng
a rate request indicator to determine a transmi ssion data rate, the data
rate is adjusted according to the actugal requirenents and operating

envi ronnent of the system [1020] FIG 1 serves as an exanple of a
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transmt pHuRBRRhtSBAd opeeatirty anivniesnt of Thesydtene, it is possible for a
base station 104 to have nultiple transmt antennas and a single receive
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the exenplary enbodiment, sonme of termnals 106 have nultiple receive
ant ennas a&heref@e) it/i9 poesibletor/abese sties 104 to have multiple transmit antennas and

a single receive antenna, or to have multiple receive antennas and a single transmit

antenna, or to have both single or multiple transmit and receive antennas.

[1021] Terminals 106 in the coverage area may be fixed (i.e., stationary) or mobile.
As shown in FIG. 1, various terminals 106 are dispersed throughout the system. Each
terminal 106 communicates with at least one and possibly more base stations 104 on
the downlink and uplink at any given moment depending on, for example, whether soft
handoff is employed or whether the terminal is designed and operated to (concurrently
or sequentially) receive multiple transmissions from multiple base stations. Soft
handoff in CDMA communications systems is well known in the art and is described in
detail in U.S. Patent No. 5,101,501, entitled "Method and system for providing a Soft
Handoff in a CDMA Cellular Telephone System", which is assigned to the assignee of
the present invention.

[1022] The downlink refers to transmission from the base station to the terminal,

and the uplink refers to transmission from the terminal to the base station. In the

exemplary embodiment, some of terminals 106 have multiple receive antennas and



ot hers have only one receive antenna. In FIG 1, base station 104A
transmts data to termnals 106A and 106J on the downlink, base station
104B tramwoide3®at a to termnals 106B and 106J, base st aPCorusifai34s
transmts data to termnal 106C, and so on. [1023] Increasing demand for
wi rel ess data transm ssion and the expansion of services available via

W rel ess communi cati on technol ogy have led to the devel opnent of specific
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[1024] FIG. 2A illustrates a method 200 for scheduling mobile stations within
system 100. The process begins by determining a pool of active mobile users within

system 100 at step 202. The total number of mobile stations, or users, in the pool is
designated as "N." If N is equal to 0, at step 204, the process ends, else the process
continues to step 206 to calculate a PF for each of a subset of “M” users within the
pool, wherein the M active users have data pending. The PF calculation is performed
according to the following equation:
PF(j)=M,forj=l,...,M, ¢))

T'()
wherein j is a user index corresponding to the M active users with pending data.
In the exemplary embodiment, a rate request indicator is implemented as
DRR(j), the Data Rate Request (DRR) received from user j, for j=1, ..., M.
Having the channel-sensitive rate request indicator in the numerator provides
proportionality to the scheduling of users in system 100. The rate request
indicator is then divided by a projected throughput associated with each user j,
T'(j). The actual throughput of each user, j, may be represented asT(),



6 al though the actual throughput is not used directly in this calculation
of Equation (1) [1025] Fromthe subset of Mactive users with data

pendi ng, WD 03088208, a further subset is determ ned of PKT/UssZBIB48 0 be
schedul ed for transm ssion. In the exenplary enbodinent, the subset of K
users is determ ned according to system configuration and a predeterm ned
scheduling policy. Oten K=1, or Kis constrained to a single wuser.
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Note that ({h)e K schedul ed users constitute a subset of the N active users,
l.e., (K!'-- M _< N. The base station then transmts packet data
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calculation for scheduled users according to the exemplary embodiment:

T'(j,n+1) =(1-a)-T'(j,n)+a-DRR()), 2
wherein « is a time constant of a smoothing filter used for scheduling, for digital

samples having index n. In one embodiment, the time constant may be related
to the targeted QOS and/or velocity of each mobile station. In the exemplary
embodiment, a rate request indicator is implemented as DRR( /), the Data Rate
Request (DRR) received from user £, for £=1, ..., N. Having the channel-
sensitive rate request indicator in the numerator provides proportionality to the
scheduling of users in system 100. The rate request indicator is then divided by
a projected throughput associated with each user j, T(j). The actual
throughput of each user, j, may be represented asT(j), although the actual
throughput is not used directly in this calculation of Equation (1). Rather, the
scheduling method makes a prediction or projection of the throughput of each
user based on the rate request indicator received from that user. The rate

request indicator may be the DRR transmitted via a Data Rate Control (DRC)
channel, wherein the user determines a quality of the transmission channel and



channel, wherein the user determnes a quality of the transm ssion channel
and WD 03/039085 PCT/ US02/ 33348 7 determ nes a corresponding data rate to
request. wWbesgsmBity of the transm ssion channel may be &CT/usomesgtir e of
transm ssions received by the wuser, wherein a corresponding DRR is
associated with the ¢ ratio, such as ¥ia a |ookup table. In one

enbodi nent, the user sends the C/| ratio to the base station and the base
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one enbodi mrent to determ ne a schedule” At step priority
det er ni ne§eHraseach user. In the illustrated enbodiment, the priority
function is the data rate of H?E(‘i,ilﬁeffi-(lR'—&S)T’(iﬁ‘}), 3)

for i=1,..., (M-K). Here the rate request indicator is assumed to be zero for
calculation of the projected throughput used for updating each PF associated
with non-scheduled users. Processing then returns to step 208 wherein the
updated PF values are used to continue scheduling any users that still have
pending data.

[1028] The exemplary embodiment updates the PF values for each user as if each’
mobile station always has sufficient amount of pending data, and that the rate
requested by each mobile station is realizable. Therefore, the scheduling sequence
generated by the PF computed as in Equations (1)-(3) is not sensitive to any
unpredictable states of the transmission buffers as long as a buffer has at least one bit
of data to send.

[1029] FIG. 2A details step 210 of FIG. 2A according to one embodiment to
determine a schedule. At step 230 a priority function is determined for each user. In
the illustrated embodiment, the priority function is the data rate of the user, Ri(t). At
step 232 the BS selects a winner according to the priority function and transmits data
at step 234. If data is still pending at step 236 processing returns to step 230, else
processing ends for this time period.



step 232 the BS selects a wnner according to the priority function and
transmts data at step 234. If data is still pending at step 236

processi ngoroasaes to step 230, el se processing ends for PCATGES02/83388 peri od.
WO 03/ 039085 PCT/ US02/33348 8 [1030] FIG 3 further details base station
104, including signals received, progessed, and transmtted. As
illustrated, base station receives a rate request indicator, such as DRR

ai, | t.ipl i | t.at | T 0l 4i~nf i i, -
Promai (SH™ by TRbet, Al Bise SRR ol TERIdGY Spnakegecdiobd,
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base st atLof), 44 AR fodldtfle LfioBRO Sldlions! hé afiSo behPBAIrebbiedrdrrd bentral
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details e er por 0 ase station. Base station includes Pool
cal cul at icontroliér; slidb ds0a Base StatiomEartirellauiBSE) {nat shewp)-f il pase station

nobi |l e stati.ons, agtive at | Vy ' Y i ' ' e
W basssodes nafic. iteRhego s Hackhole, el ol nefuaiciob Sfio i Sugh
pool cal gud ghicpretunili rédPonseedei these csignals) basé cstation drarfsngis date iwnokile

stations and the BSC (not shown), and also receives traffic froma network
(not showtAtionsn response, the pool calculation unit 140 provides user

identification ipfor ion er LDX.e), for =1 0~ a i

cal cul at ﬁw ni tPlﬁﬁ?ﬁgeﬁﬁa'[sdg%?q%d@&% Bcr)\mlobf 8fr r?gts Fcﬁ%\taﬁ@q'pr%’g?%es at#oonr

al | N actjhMBded'aehsoli dalEUATIGMUBRO14( 16138tefhimirRF thainctkzeri and identification of
recei ves data rate request indicators fromthe. bile stati onsate%h %ﬁ?e .
DRR( ( er mobile stationg-agtye gt atgheen dme: éﬁ%v%g‘é’g’"?[%a‘i‘%sec?%lﬁ‘é‘é‘i Wit RIg%
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uni t 146.redtiees sohtzduinforgationt fremsthes mabile réatienss eRd d0e BaEdRE! tsﬁgwoiirﬁg'?ﬂjs'
users associated with. PE(j). ' ' ' l.e
i nf or nat iB° f??et“feae‘ntg%ff'? f'lg)ﬁ %J}%{R@@@ﬂ@%ﬂh@% W"TLS agseg{@/%g(?d%ea?j&g%{ﬁﬁh@w
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informati on to produce DATA OUT. The .schedul I nf or nati Qp, i L. ded
o a cal culeaism UAitci4gs0 M Renhesr Ssmineatmiromatett Bap st oAt N reHrE S
active N dul ed users are updated according to Equation (2),
whi | e thed%g%%ssé@gﬁﬂl ed users are updated according to Equation (3).

[1032] The PF calculation unit 142 receives data rate request indicators from the
mobile stations, such as DRR(£). The PF calculation unit 142 uses the rate request
indicator to determine a PF for each user according to Equation (1). The PF(j) for all -
users having pending data j=1, ..., K are provided to a scheduling unit 146. The
scheduling unit 146 determines a schedule among the various users associated with
PF(j). The scheduling unit 146 provides the schedule information to transmit circuitry
148. DATA IN is also provided to transmit circuitry 148, which transmits the data
according to the schedule information to produce DATA OUT. The schedule
information is also provided to a calculation unit 150, which updates the projected
throughput of the active N users. The scheduled users are updated according to
Equation (2), while the non-scheduled users are updated according to Equation (3).
For updating the projected throughput values, the calculation unit 150 receives rate
request indicators for mobile stations. The updated projected throughput values for
the subset of M users with pending data are then provided back to the PF calculation
unit 142 to update the PF values. The calculation unit 150 includes a smoothing filter,




For updating the projected throughput values, the calculation unit 150
receives rate request indicators for nobile stations. The updated

proj ect edwDhBosyhput val ues for the subset of Musers w PRTES0UBIIG dat a
are then provided back to the PF calculation wunit 142 to update the PF
val ues. The cal culation unit 150 inclugles a snoothing filter, WO 03/039085
PCT/ US02/ 33348 9 such as an Infinite Inpul se Response (IIR) filter. The

exanpl o, SokoRP: an e, MRSk bababned, RSy T 038, BoiERAR, ol e

doppl er fyResaY/filtdrdperRbAfiguradle.5. 4 Hz. Proj ect ed throughput(S) are
subject to IR smoothing filtering according to Equations (2) and (3) with

a tinme cqreBapt, Ifone gixenple,as mubiile siationt kds/a vebcﬁy@éé krivkhes andiexpefienges a
tap coefficient, a, is related to
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cal cul ati gn | gd to achieve optimumreal system throughput.
[ 1034] | n?’ért% %ﬁ%leé}%gt@éﬁ%od ment, the proportional fair algorithm

i npl ements a fairness criteria that i ncorporates a delay term
Specifically, the delay is nmeasufetd t ase station, fromt#e tine a
data packet arrives until the data f ﬁﬁ%&itted from the BS to a user or
MS. The del ay may be nmeasured until §%cary of the transm ssion or the

end of the transm ssion. The de ffectlve asure | dat,a
mai nt ai ne'E?SH['th‘E RENGEYILAR n@ﬁpg f@%gﬁggmsggagpgknﬁe i %ba L]ﬁeue
or other fr%@gfsécStI‘ﬁ@&%r@%él‘éﬁlaﬂbntdSleaB‘rﬁvéR/eérfﬂét Gét@mt)nm@ EDqodlitperier al | y,

the proportional . fair™ algorithmmaintains a bal ance betwee maxi m él ng
t hr oughpusersigenéprathsettrassmiseipss diefleeting 18, farmessacrRgiraint d’lr’)bq’fﬁlﬂ $a

| ndi vi dualln'oﬁﬁg LEatiohN§ aRbOQEH L B IRtBAtwitHh? W B HetcI i oRstafigd.] Fhact i on

of a speci
calculatlon then optimizes « to achieve optimum real system throughput.

[1034] ln an alternate embodiment, the proportional fair aigorithm implements a
fairness criteria that incorporates a delay term. Specifically, the delay is measured at
the base station, from the time a data packet arrives until the data is transmitted from
the BS to a user or MS. The delay may be measured until the start of the transmission
or the end of the transmission. The delay effectively measures the time data is
maintained at the BS before transmission. The data may be stored in a queue or other

memory storage device at the BS 12 (not shown).

[1035] Generally, the proportional fair algorithm maintains a balance between
maximizing throughput among a set of users and fairly allocating throughputs to
individual users. The algorithm does not, however, guarantee satisfaction of a specific
delay requirement for an individual user. By modifying the proportional fair priority
function, PF, to include a delay sensitive term the result provides scheduling consistent
with the delay requirement(s). Note that the delay requirements are typically specified
by an operating standard.

[1036] In an exemplary embodiment, the delay requirements of the users in the
system are provided as a function of time (e.g. d given in seconds) to BS 104 a priori.

The BS then assigns a time delay threshold value, t, to each user. Specifically, the BS



del ay requirenent for an individual user. By nodifying the proportional
fair priority function, PF, to include a delay sensitive termthe result
provi des woha@sdoBfig consi stent with the del ay requirenmenPCIjusoMies t hat
the delay requirenents are typically specified by an operating standard.
[1036] In an exenplary enbodi ment, thelflelay requirenments of the users in
the systemare provided as a function of tine (e.g. d given in seconds) to

BS 104 a , i.ghs a L I I r Ly
o each uslSSerss hBlies R58: B38sGE, 5o FBelieh Bs eGSR iR B uae &
stores t hagiven tiee. tCalchlating $es traditibnal propditionakfadi pridyity of bhset o gilemasgber

of users at a given tine. Calculating the traditional proportional fair
priority of a user is given as:DRDRC (5) T wherein DRCis the,.fata rate
sust ai nabl e by a gi ven M8, and Tris the throughput of the use By

nmodi fyi ng Equ. é DTC g(d) (6) the PF cal cul ation incorpor ates a del ay
functi on gylRreind g isghe diatmratesustsinabie bysegiven i) aiyd T[ig t8s7ihroughphit of way,
t he sched to a user when his delay is above a
pr edet er m%h%égfaﬂ‘s@orgpglf%ﬁé %352% icati on of Equ. (6). Wen the delay is
reduced bel ow the threshold vabkg, the user's priority is calculated as in

Equ. (5). [1038] FIG 5 illustrates)a method 300 of scheduling(fsers in a
packeti zed data transm ssion system The process cal cul ates the delay for

a user i, tREqw Ean%dla%nolnc&bor@tbgra 463y fm%#\eg@; vhich §s BNeRctBRERAUEE S
threshold r . The threshold ti, is speCific e‘user i. Alternate

enbodi rrentdﬁfmﬁy | rrpl errent a single threshold for all users. Additionally,
t he threshol d ynam ¢ threshol d that is updated during

oper at i on [dP3 ?he Esy@isew\aw ?het sehasiling daethodigives, pagrity t@r?av.sqrwéhth@sdﬁian isat
deci si on éﬂo@@%gre%%%rrﬁlhé RAREHBRI %lbétﬂfyaér@;canéﬁlo%c{uuﬁ W(m)e Jdéiéy‘i’é

at step 306 ein unctl on Is

). (7) | fredh@ede@fJWctbleatl;erSbOICb\s@ueh‘r@ﬁ user's quigrityt is qalmxlaﬂedwhollinu t(iﬁn)e del ay

function (ld?; is calculated at step 308 and is given as: g(d) = (8)
% 038] FIG. 5 illustrates a method 300 of scheduling users in a packetlzed data
transmission system. The process calculates the delay for a user i, specified as d; at
step 302. The delay d, is then compared to a threshold 7. The threshold 1; is specific
the user i. Alternate embodiments may implement a single threshold for all users.
Additionally, the threshold t may be a dynamic threshold that is updated during
operation of the system. If the user delay is greater than the threshold at decision
diamond 304, the process calculates a delay function g(d) for di at step 306, wherein

the function is defined as:
g(d;) = 1+k*MAX(0, (di-11)). @)

If the user delay is less than or equal to the threshold, the delay function g(d) is
calculated at step 308 and is given as:

g(d) =1. )
The process then applies a PF at step 110 using the delay function calculated in step
306 or 308. The PF is given as:

PF; = (DRCy/T;)*g(dy). ©)
Alternate embodiments may implement any of a variety of delay functions consistent

with the requirements, performance, and extent of a given communication system. In
an alternate embodiment, the delay function is defined as:

g(di) = 1+k*MAX(0, f (di-m)), (10)



The process then applies a PF at step 110 using the delay function
calculated in step 306 or 308. The PF is given as: PF, _ (DRC//T;)*g(d;).
(9) Alterwatos/oageBddi ments may i npl enent any of a variety @CTAdsozg3348inctions
consistent wth the requirenents, perfornmance, and extent of a given
communi cation system In an alternatdlenbodi nent, the delay function is
defined as: g(di) =1+k*MAX(O0, f (d;--c,)), (10) WD 03/039085 PCT/ US02/ 33348

L e e hdye S LGB A PERRY RAdBH PSS o Sbnclhy an

enbodi ne delay function as defined by the fol I ovm ng
equatlon2hC'le?(%r@i?%ﬁoIJi B]e(d P# ; and (11) g(d) = DRCMAX/ DRCAVE, for d; >

L L1288 & TR it SPRISHEHEH AR rﬁéntghﬁela%%mrcnahlasu@@med ppd

DRCAVE i & anJ avél age va ue user i. The 'delay function of
Equat i onghé¥alowind ggl@jionsidj usts the PF of a given user as a function of
the delay of that user with respect to the other users. Therefore, if the
average requested data rate, gde=1 0BOl<ofanker i is substanflilhlly |ess
than the maxi mum DRC over all users in the active set having pending data
and if the user is experiencigid)aDRCayx/DREat,ifogdithe t hresho(ld) the user i
W ll receive a priority bunp up. [1040] In still another enbodi nent. The PF
of Equ. (Whelein MRICHH aomadiusn valueof the RRCa foualtussrs.oand IMRGypist an

i nst ead of del ay S ca 3

i ncor por 41§98 W%&Hetbﬁt&?gn%ﬁ%‘ﬂ' (EFF# an*‘%gﬂﬁﬁc}@% é‘]%t'ﬁ’n%t )1191arngf€122t s
t Ee thr Qéﬁﬂb@ﬂé}lthéfPFJEﬁé Ivelnguwlaélaiﬁlricﬁonloff théldelh;zro@ugshmﬂer Withi resge:ﬁatbéhe
than a throughput thresho e 1 ro ut. . T;
is | ess taBAr é#seé“quaThetrﬁ Of el tt}" (ﬁ}{?%% r?ﬁ\‘%%ﬁg %e]t 'ﬁ‘é‘?r 'Pg( %ée o Us8r i s’

) =DRCMVAX/ Riall 1@s'tﬂaﬁ hhe WRXImbRE DIRG oWt 8l ub¥rd fn Réliddtiod $ét havmg
response to throughput received. Wien the throughput is too | ow,

at
or bel ow perdingdegnand if theeuser is expearigreing @ delpy ¥olating the threshold, the user i
will receive a priority bump up.

[1040] In still another embodiment. The PF of Equ. (5) is modified to adjust priority
as a function of throughput instead of delay, wherein the PF is calculated as:

DRC T, 13
T g(T}) (13)

incorporating a throughput function g(T;). The throughput function reflects the
throughput of user i. Specifically, if the throughput T is greater than a
throughput threshold, then

g(T)=1; and (14)

if the throughput T; is less than or equal to the throughput threshold, then
o(T;)=DRCmax/DRCave. (15)

In this way, the user priority is modified in response to throughput received. When the

throughput is too low, i.e., at or below the threshold, the PF is bumped up. Else, the

priority function is calculated as given in Equ. (5). Therefore, if the average requested

data rate, i.e., DRC, of user i is substantially less than the maximum DRC over all

users in the active set having pending data and if the user is experiencing a throughput

violating the throughput threshold, the user i will receive a priority bump up.

[1041] Further, alternate embodiments may implement a variety of delay functions,
such as those specified in “Providing Quality of Service over a Shared Wireless Link”



priority function is calculated as given in Equ. (5). Therefore, if the
average requested data rate, i.e., DRC, of user i is substantially |ess

t han t he wexoB8998DRC over all users in the active set harCagSpzsadihg dat a
and if the user is experiencing a throughput violating the throughput
threshold, the user i will receive a pRiority bunp up. [1041] Further,

al ternate enbodi nents nmay inplenent a variety of deI ay functions, such as

t hose sp Pr ovi di t S j S
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Comuni caB0oTE4 I\maﬁuswﬁeresgz@mars;sl;zfaempqmated H;Btbfé.r@nce\/\hl ch i s hereby
expressly |ncorporat ed by reference. [1042] An exenpl ary enbodi nent

provi des [$4042] t eAnaé)@mmai}oetnbodmwﬁmrbaﬂleagﬁrt Bkernpte methgd fQIrQﬁ'@ldﬁt"EQDﬂ)e

using a ropor schedul i Lthm
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odinent a slot is one enhodi me nul.tiple sl
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dat a ”arfﬁmrﬁﬁhPfﬁﬁaélYmbh%b'o%nhg WAfth 8xa8Rl parkéTbrd pBRion 86 a dbits pasket,

each data transm ssion may have a variable |ength, including o

four, or refegted td es 4 suig«pagketl\may ben fransMiedh FRT Sxamplg, 1 0%@@69@% Fray
be tr ansml%gﬁ égggﬁ% cﬁéeeﬂ'l%gﬁﬁént' Ht}l't?ﬁlé%tlcﬂg rhéyrgé%se@ foFWan@nﬁé@on gFot

transm SS% val girven as For a two sl ot
transm ssiza pdckets lor sulbqaaoka‘ts i rFtIGr \ﬁaillulstratetshdatar tagsmissions availgible in dke

T2, wherein: T2 2% q a_four.s

equal t 0 PEIMPIFHY ?V}jf%?dﬁ %ztr vgﬁ gflu g%’ne%?'bﬁtata irF‘B?MS%msﬁgo\ﬁé %2\95@ Bl'?s
equal 1o |ghgil idoludiRgeneltwo, fﬁdrebﬁ@igfrhtéé‘l@loléhgﬂm sNoty thatriplsucany sysiener a of
slots to a Transm ssion interval . Sti

fixed ti rdatamaskehmayobe Fansitad khane %ﬁ%?érfaﬁﬂﬂsﬂ%?éds PG, 8PFof fone

slot transmission length, the time interval is given as Ty. For a two slot transmission

length, the time interval for the transmission is given as To, wherein:

T2=2*T1. (16)
Similarly, a four slot transmission length is equal to four T4 time intervals, and an eight
slot transmission length is equal to eight Ty intervals. Alternate embodiments may
imply any number of slots to a transmission interval. Still other embodiments may

apply a fixed time interval for a data transmission.

[1043] The data is typically transmitted on a sub-packet basis as illustrated in FIG.
7A, wherein a forward link data multiple slot packet transmission is illustrated along
with the reverse link signaling. For a given data packet, the receiver first specifies a
requested date rate or DRR, for example, a Data Request Control (DRC) indicator.
The receiver analyzes the channel condition for the transmission, and in response,
specifies the data rate at which the receiver is able to receive data transmissions. The

transmitter receives the DRR, or some other channel condition indicator, and transmits

the data packet accordingly.



[ 1043] The data is typically transmtted on a sub-packet basis as
illustrated in FIG 7A, wherein a forward link data nmultiple slot packet
transm sswor3io3908% | ustrated along wth the reverse |ink ®Cgnsby/sag4s For a
gi ven data packet, the receiver first specifies a requested date rate or
DRR, for exanple, a Data Request Conti®dl (DRC) indicator. The receiver
anal yzes the channel condition for the transm ssion, and in response,
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station at slot 1, wherein the npbile station has pending data and

i nst r uct datweentha dransmitterand 1gselysfa rate at which
[1046] An example of transmission(s) and retransmission(s) in the exemplary
embodiment is specifically illustrated in FIGs. 7A and 7B, wherein the reverse link DRC
and ACK/NAK signals from the receiver are illustrated with respect to the forward link
‘transmission slots. The DRC is transmitied by a mobile station at slot /, wherein the
mobile station has pending data and instructs the transmitter of the data rate at which
the mobile station is able to receive the transmission. In response to receipt of the
DRC (indicated by the connective arrow), the transmitter sends the first portion of the
data packet in slot n. Note that the slot boundaries on the FL and RL are not

necessarily coordinated in time. The transmitter then sends other information during
slots n+1, n+2, and n4-3, such as portions of other data packets. The transmitter sends
the second portion of the data packet (associated with the DRC illustrated) during slot
n+4. Further portions of the data packet are then sent periodically until the mobile
station (receiver) indicates that the data packet has been properly received, i.e.
transmits an ACK signal. Note that the mobile station transmits a NAK signal to
indicate that the data packet has not been received, or that sufficient information has

not been received to decode the data packet. In response to each NAK signal the
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schedul e transm ssi ons ser nobile station is assigned a priority
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i ndex or
“index, or PF, that is directly proportional to the mobile station C/I. The priority index is

as defined hereinabove in Equ. (1), wherein the priority index or PF is inversely
proportional to the average user throughput. The scheduler seeks to equalize the
transmission time and transmission energy allocated to the receivers. Generally, large

gains are experienced for low-velocity mobile units, as the C/l is predicted with a high
degree of accuracy. In other words, as the channel condition of the slow moving
vehicle changes slowly, the scheduler is better able to track the channel condition.
Therefore, few, if any, retransmissions may be needed to receive the data packet(s).
Conversely, for higher-velocity mobile units, the channel condition changes more
quickly, and the scheduler is less able to track the channel condition. Fast moving

receivers tend to require retransmissions to receive the data packet(s).

[1050] The proportional-fair algorithm basically prioritizes users according to a
given metric. The exemplary embodiment uses a scheduler on the forward link (or
down link) to schedule data transmission to multiple data users. Schedulers such as
proportional-fair scheduler use C/I (or DRR) feedback information and user throughput
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al gorithm tg\RaQ glrneeS%VhS rgllnerrnnu m)e gﬁ’b-p%ckets may be transmitted, the throughput is
updated at the beginning of the first sub-packet transmission. The fairness is
maintained when all users have the same average error rate or the same channel
conditions. However, when one user has a slow fading channel and the other user has
a fast fading channel, the user with fast fading channel may desire more
retransmissions than the user of the slow fading channel. Therefore, the fairness of
statistically equal access time may not be maintained if the user throughput (and
therefore the priority index function) is updated only once at the beginning of the first
sub-packet transmission. In other words, as channel condition may change between
transmission of the channel condition indicator, e.g. C/l or DRC from the mobile
station, and completion of the data transmission, i.e., transmission of the last sub-
packet, the scheduler may not be using current information in making scheduling
decisions.

[1053] In the exemplary embodiment, user throughputs are updated, and the

corresponding PFs generated, at each slot of a transmission and a retransmission.
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of slots clil\r}lded by the total number of slots per transmission, wherein the quotient deflnes the

size of the sub-packet per slot. This is particularly advantageous in a CDM system. In
an alternate embodiment, the multiple slot transmission places the payload of the
packet into the first slot of the transmission and fills the other slots in the transmission
with zeroes. Still other embodiments may employ some other method of distributing
the payload over multiple slots for a multiple slot transmission. The payload is added
to the throughput on a slot by slot basis at each update.

[1055] Alternatively, a scale factor may be added to the payload calculation for the
updates of each retransmission sub-packets. The scale factor is used to adjust and
trade-off between fairness and throughput performance. Alternate embodiments may
apply other schemes for balancing the energy allocated to the various users within a

system.

[1056] When multiple users share the same time interval in a CDM fashion, the
user with the highest priority index will be given priority to allocate needed power. The
remaining power will be allocated to lower priority users one by one based on their

priority index until the remaining power is not sufficient to support any additional user.



this sub-packet. For exanple, for a multiple slot transm ssion, the payl oad
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to adjust and trade-off between fairness and throughput performance.

[1057] FIG. 8 illustrates the energy plot and allocation for transmission of data
packets to multiple receivers. The receivers having pending data include receivers
identified as A, B, and C. Other receivers not illustrated may also be considered.
During a first time interval from time {0 to t1, the receiver A has the highest PF. In
addition to receiver A, the transmitter has sufficient energy to support receiver B. At
the end of the time interval, at time t1, the throughput of receiver A is updated as a
function of throughput history and DRC, such as by application of Equ. (17), while
receiver B is updated as a function of throughput history alone, such as by application
of Equ. (18). As a result of the updated values, receiver B has the highest PF and is
scheduled for transmission during a second time interval from time t1 to time t2.
Additionally, receiver C is scheduled for transmission during the second time interval
and receiver A is not scheduled. Alternate embodiments may provide other
differentials to the updating of the threshold value, for example, by applying a scaling

factor to each of the receivers selected for transmission during a given time interval.



for the other receivers, thus reducing the throughput. The reduced

t hroughput results in an increased PF. Therefore, the remi ning CDM
recei ver swarod/ogaosen a bias in the next selection for tralPEHEe2/33348

Al ternatively, the remaining COM users may update their throughput and
priority index using a scale factor, Werein the scale factor is used to
adj ust and trade-off between fairness and throughput performance. [1057]
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to the transmlssmn group at step 540 and returns to step 532. Else the process ends.

[1060] According to an alternate embodiment, the PFs for the other users are
ubdated using a scaling factor. The scaling factor may be a function of the relative
weight of a given PF with respect to the highest priority user’s PF value. Alternately,
the scaling factor may be a constant value for each of the other users. Still other
alternatives may implement a scaling factor to achieve a desired resuit within a given

system.

[1061] Thus, a novel and improved method and apparatus for scheduling packet
data transmissions in a wireless communication system has been described. Those of
skill in the art would understand that the data, instructions, commands, information,
signals, bits, symbols, and chips that may be referenced throughout the above
description are advantageously represented by voltages, currents, electromagnetic
waves, magnetic fields or particles, optical fields or particles, or any combination
thereof. Still another embodiment may implement a delay function, such as specified
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2000 and i's hereby expressly incorporated by reference. .106@. Ot en
systems vblotkspr owidilesa eieguitsi vand, alggrimmsiensh dRscrPed wii CANREIODy HWithmthegy
achi eve th ' e i iEHRRRe, ddMputer
System panpTIdEE R R R R RTEA, S e et Jpute
r equi r enesfisvarewer eombircttioals opdwadit.i nghpovateusribusikgtiveogeraparentsi dlocks, -

of the AREPFBE: | Srefioranihy Sebhonaydogit, EaiRed, B3nefll i e uEthene
mul tiple fhBRsnalkfle VERShbE ithe fuRtesriEaty 08 impembatadsed hardyreaeuar Ispftaade
statically guess the m ni num power needed, to .achi eve the. required syst
per 1 or mardenends URATLIMRRRAIPHET RRPUFAHORANCLASHOG AN P ERNY JrAeead Uy e voral
system. Skilled artisans recognize the interchangeability of hardware and software
under these circumstances, and how best to implement the described functionality for
each particular application.
[1064] As examples, the various illustrative logical blocks, modules, circuits, and
algorithm steps described in connection with the embodiments disclosed herein may
be implemented or performed with a digital signal processor (DSP), an application
specific integrated circuit (ASIC), a field programmable gate array (FPGA) or other
programmable logic device, discrete gate or transistor logic, discrete hardware
components such as, e.g., registers and FIFO, a processor executing a set of firmware
instructions, any conventional programmable software module and a processor, or any
combination thereof designed to perform the functions described herein. The
processor may advantageously be a microprocessor, but in the alternative, the
processor may be any conventional processor, controller, microcontroller, or state
machine. The software modules could reside in RAM memory, flash memory, ROM
memory, EPROM memory, EEPROM memory, registers, hard disk, a removable disk,
a CD-ROM, or any other form of storage medium known in the art. The processor



nore accurately nodel the operating conditions of the system [1063] Those
of skill would further appreciate that the various illustrative | ogi cal

bl ocks, rmwouwB®3908Ei rcuits, and al gorithm steps descri bed iPaTAmON8ISHE on Wit h
the enbodinments disclosed herein may be inplenented as el ectronic

hardwar e, conputer software, or conbi2fati ons of both. The various
illustrative corrponent s, blocks, nodules, circuits, and steps have been
descri bed in f
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descri bednfigtapidceBabristid cbﬂjuncﬂaﬁhvmaé DisFut e, etml i catl on. [1064] As

exanpl es, the various illustrative Ioglcal bl o u ifcuits,
al gorit hn{'@tﬁéﬂ)s des Ehe HygVioHs cepsrEption PfinenpH b?@%fw%er%%da%
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(DSP), an app t'hon specrfic integrated circult
pr ogr ammahiodifigatiensute mes(elfﬂﬁb))dmemas Melf be peadilyaappdiest tCDQTQSecSéﬂ}heddn the art,
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instructi gifouttth Rkl innahtives f@gm@ﬁlﬂhhe mef;tmae@t inodntian isnbtantended to
processor conbi nat | on

or t her eof , desi o perform u i ons
descri bedbﬁé'f’HQﬁiytoTﬂ@ embgdiragnis N ARG g’{;‘gdﬁji‘? B Qﬁ({:pbep @e@issgppe
but i n t hesRlidBhPdith Yife rnhé“pléé@rﬁﬁﬁéﬁl fé@fﬁré?@d@ﬂﬁsé@'hé%lh'or‘a' processor,
controller, mcrocontroller, or state machine. The software nodul es coul d
reside in RAM menory, flash nmenory, ROM nenory, EPROM nenory, EEPROM
menory, ﬁ%%g\r , hard disk, a renovable disk, a CD-ROM or any other
formof s di um known in the art. The processor WO 03/039085
PCT/ US02/ 33348 20 may reside in an ASIC (not shown). The ASIC may reside
in a tel ephone (not shown). In the alternative, the processor may reside
in a tel ephone. The processor may be inplenented as a conbination of a DSP
and a m croprocessor, or as two mcroprocessors in conjunction with a DSP
core, etc. [1065] The previous description of the preferred enbodinments is
provided to enable any person skilled in the art to nake or use the
present invention. The various nodifications to these enbodinents wll be
readily apparent to those skilled in the art,



and the generic principles defined herein may be applied to other

enbodi nents w thout the use of the inventive faculty. Thus, the present

i nvent i orwD3/084085 nt ended to be limted to the enbodi mentPETdlsonss3mer ei n
but is to be accorded the wi dest scope consistent with the principles and
novel features disclosed herein. VE CRAIM WO 03/ 039085 PCT/ US02/ 33348 21
CLAIM5S 1. In a wireless comuni cati on system adapted for packet data 2
transm ssions, the system having a §L%n?blty of nobile stations, a nethod
conprising: 4 determning an origin lrority factor for each of t he
plurality of nobile stations; 6 schedullng transm ssions to at |east one

of the pIurallty of nobile statigns ased, on e oriainal priority
functi onsl. whdPd& Wiraleps COMMYRCAKON 8y ?@@Qﬂptﬁégorg’%%ka@{a priority factor;
transgitt eﬂ%rﬁ.@sup% tﬁﬁrs'%/%témlﬁ'al\/ BFu'rél ofl ot etatichisna rasthepdat ed

priority act or t Irst nmobile st ion; and schedul i ng transm ssions
to at | eagimpnisngif the plurality of nobi |l e stations 12 based on the

dat ed f act . j I
or 1 or ity unctdSAEABIY A et ity SERBLIG Sach P g MlralporbBlen i
1, wherein determ rgtagonidie updat ed prlorlty factor 2 for the first nobile
statlon conprises: determnin datedth u ut., v .)io ﬁflrst
nobi | & st ati or§0h§ﬁﬂl'ngltr€5§msé‘ﬂ?§1g’ ‘i‘l;mﬁ?? & ?,{tﬁﬁ%)gﬁraﬁg’w @a@ggle %ta%ﬁes updat ed
throughput val ue. %as&eoﬁeiﬁp@rgman rpr@lnw TudctioMerehereihen tipstametile
t hroughput value is cal cul ate T(i)=aT(i-1)+(1-(err))[DRC, 4

whereih T is the t Hataligmpas a highestorigsity @Ctalct or, and DRC i s the payl oad of
the transm tttgéjqérﬁﬁt rg{%tthgr?rrsﬁgogf@sﬁ%ﬁ‘)d as in claim3, further

conprising: 2 ated priority function for at Ieast one
ot heriof the qbétarrainmg/almijpdatﬂd priarity facsersfor fitrfitst mabile sigiénn; @adpri ority

function is scheduling transmissions to at least one of the plurality of mobile stations
12 based on the updated priority factor for the first mobile station and
the original priority functions of the other mobile stations.

2. The method as in claim 1, wherein determining the updated priority factor

2 for the first mobile station, comprises:
determining an updated throughput value for the first mobile station; and

4 calculating a priority function based on the updated throughput value.

3. The method as in claim 1, wherein the updated throughput value is
2 calculated as:
T(i)=aT(i-1)+(1-a)[DRC],
4 wherein T is the throughput, a is a scale factor, and DRC is the payload of the

transmitted information.

4. The method as in claim 3, further comprising:
2 determining an updated priority function for at least one other of the
plurality of mobile stations, wherein the updated priority function is
4 based on an updated throughput value given as:

T(i)=aT(i-1).



4 based on an updated throughput value given as: T(i)=aT(i-1). WO 03/039085
PCT/ US02/ 33348 22 5. The nethod as in claim 1, wherein scheduling

transm sswons/0appi i es a 2 proportional-fair algorithm 6PCIrusaz/sisnel ess
comuni cati on system adapted for packet data 2 transm ssions, an
infrastructure el ement conprising: neabs for determning an original
priority factor for each of the plurality of 4 nobile stations; neans for
schedul i ng, t r arggimsthodsstia ddim ¢avheiescieduliagptansahissipneppliesmbi | e
stations based on the inal priority functions, wherein a first nobile
stati of hREORPHHP ﬂ%‘fa&qr&'mﬁy factor: 8 means for transmitti ng to the
first nobile station; neans for determ ning an updated priority factor for
the first nobile 10 station; and nmeans for scheduling transm ssions to at
| east oneb6of t heawigless cqmmuniqemqmst%m@daptashf@rpwg@t datat he updat ed

priority fa rk | i .on..and the original priority
functi nstr&%g’ sésm%[shépﬁﬂﬁﬁtf%ctuﬁglgbge[n?tgﬁé'f'pﬁgl.n%?n a W reless comuni cation
syst em adapt ed meansifar detertiirting 2ntorigisatipsritntactordos eaglo of thegplacalibnaf i c

retransm ssi on of dat pa kets the systemhaving a plurality of nobile
stati ohs, a nethod ’4 transmtting a first data packet to a

first mobile Sh‘?édr@”foﬂélﬂxé‘d'uhﬁé tmmlgsmﬁ& abl 8|y ioe of the pharanytoval ue;

6 updating the throughput value of the first nobile station; recel ving a
negat i ¢e acknow edg&aflilgreiations hasee onj therorigiial| rriasity furgtiongnwhegein @

response to the negﬁggt\mo@lc‘ek&?%ﬁﬂgg a;s/\H/r{grel #r%rﬁ;ée%ﬁg,ttl ng the first data

packet. 8. The nmethod as 1 n clarm _ conprising: 2
schedu$i ng tranmarss‘ootranwitﬁngtmﬂte'ﬁmt oiobilestatgpmput val ues of the

Bla_gll;glt !st )al.l’ gf t png}ll)éqlﬂet ! galg@émmmg an up%%&gé) I’%?'it)i/ r}agljo?ifg}%emfﬂ%{ %(Sbifehe dat a

10 ‘ station; and
means for scheduling transmissions to at least one of the plurality of
12 mobile stations based on the updated priority factor for the first
mobile station and the original priority functions of the other mobile
14 stations.

7. In a wireless communication system adapted for packet data
2 transmissions and supporting automatic retransmission of data packets, the
system having a plurality of mobile stations, a method comprising:
4 transmitting a first data packet to a first mobile station, the first mobile
station having a throughput value;
6 updating the throughput value of the first mobile station;
receiving a negative acknowledge signal from the first mobile station; and
8 in response to the negative acknowledge signal retransmitting the first
data packet.

8. The method as in claim 7, wherein further comprising:
2 scheduling transmissions as a function of throughput values of the

plurality of mobile stations.

9. The method as in claim 8, wherein the data packets are transmitted over

N

multiple transmission slots.



2 multiple transm ssion slots. WO 03/039085 PCT/ US02/33348 23 10. In a

W rel ess communi cati on system adapted for packet data 2 transm ssions and
supporti ngoaaoamees i c retransm ssion of data packets, the PEydaisersisasi ng a
plurality of nobile stations, an infrastructure elenent 4 conprising: neans
for transmtting a first data packet t@3a first nobile station, the first

6 nobile station having a throughput val ue; neans for updating the

t hr oughput1Oval e aokir¢leses tonshumioaiidresyttami anapt@d fergreckebdataecei vi ng a
negati ye gcknow edge signal fromthe f.irst nohile tation; and, 10 neans
for refral @ RIpsIgNs AR FUPRPrHIR BRAG I STansTas RN dRiP PREKREGLE: ve
acknow edgssgdirg halingl plurdlitf ofhicHile statiohEHA igfPddtRItLesslemendapt ed for
packet data 2 transm ssions and supporting automatic retransm ssion of data

packet §, ta98WPr§RG:em having a plurality of nobile stations, an

infrastructure Eﬁ’@affbtr I : ' < a :

i nstructions forﬁéper o}%n%ggdlﬂ?pga}]g%ttat%ﬁgé%@i@%tfﬁggﬁhgbg%g@@%f E)He:ﬁrfsf rst

nmobi | e6st ati on, t he nobikt statibn lhaving athroughputaalueg a t hr oughput val ue;

updating the throughput val.ue of the first, nobile statipn: receiving a

negat i ve acknolerigueL aHRING u5h oty e iEs) he EdnpBlie subs!

retrangm tting rhégnd forsecéiving aardgativé ackespledge digndlfrornabatfirstemdbile

acknow edge signal . . '
station; and

10 means for retransmitting the first data packet in response to the negative

acknowledge signal.

11.  In a wireless communication system adapted for packet data
2 transmissions and supporting automatic retransmission of data packets, the
system having a plurality of mobile stations, an infrastructure element storing a
4  plurality of computer-readable instructions for performing':
transmitting a first data packet to a first mobile station, the first mobile
6 station having a throughput value;
updating the throughput value of the first mobile station;
8 receiving a negative acknowledge signal from the first mobile station; and
retransmitting the first data packet in response to the negative

10 acknowledge signal.



