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SYSTEM AND METHOD FOR SIGNALING CONTROL
INFORMATION IN A MOBILE COMMUNICATION NETWORK

PRIORITY CEAIMUNDER 33 LIS € § 1189(s}

This apphcation claims the bepefit of US. Provisional Apphication No.
614320167, filed April 1, 20190, entited “TPC Command Transmission in Carsier
Aggregation,” and U.S. Provisional Application No, 61/322,190, filed April 8, 2010,
entitled “Efficient Decoding Methods and Apparatus for Block Coded Messages with
Know Subset of Bit Values,” both of which are incorporated by reference in their

entirety.

JTECHNICAL FIELD OF THE INVENTION

This disclomwwe relates in general to wireless communication and, more

particularly, to managing the ransmission powser of g mobile ternunal,

BACKGROUND OF THE INVENTION

Modern mobile communication networks face an ever mcreasing demand for

high-bandwidth commmmication services under a wiude vanety of radic condions,
Some communication technologies have responded to this need by utibzing an
expanded radiofrequency spectrum.  For example, Release 8 of the 3GPP Long Term
Evolution {LTE} standard ugilized a 20-MHz bandwidth for carrier signals, but
Release 10 1s expected to utilize a spectrum of 100-MHz or more.

Because backwards compatbility s oflen a requirement lfor mobile
communication networks, networks supporting use of expanded spectrums are ofien
required 1o support fegacy devices incapable of recognizing or utilixing thewr larger
bandwidth. The need 1o support terminals having 8 range of different capabilities
creates simficant difficulues in managing resoarce use i sach networks.  To
facilitate use of expanded camer specirums while still mamtanung backwards
compatibility, certain conmmenication technologies, such as LTE, utlize a “carrier
ageregation” scheme. Under such a scheme, a legacy ternunal that is incapable of
using the entirety of the expanded carrier spectrum will recognize the expanded

spectrum as multiple separate carrier spectrums, referzed to as “Component Carniers”
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{CCsy that are each sized o [t the copabulities of the lepacy terngnal.  Meanwhile
current-generation lerminals will be able to ulilize & larger cammier specirum by
agerepating multiple CCs.

However, use of multiple separate carrier spectiims can  significantly
comphicate configuration and management of networks. For example, i the network
attempts to notifv a mobiie device over a non-ideal radio channe! that the device has
been scheduled to use a particular component carrier, the mobile device may not
successfully receive the notification.  Even though many modern convmunication
technologies provide procedares for a device 1o request retransmission of mformation
that was not suecessfully received, # may be difficult or tmpossible for a device 1o
determine that it has not received scheduding wformation if the device is wncerlain
what scheduling information 1o expect Furthermore, while the device could simply
report on alt the scheduling miormation it recetves, and thereby permi the network 1o
deternune by deduction what scheduling information the device did not receive, g
significant amount of the network’s fransmission resowrce would be used wup
wecessartly on such signaling when the mobile device successfully recerves all the
scheduling mformation.  Thus, finding an effective scheme for communicating
mformation about the scheduling of component carriers—one that can accommodate

and adapt 16 TansHuSSIon oIrors

can be oritical to performance in networks that

support carrier aggregation.

SUMMARY OF THE INVENTION

In accordance with the present disclosure, vertam disadvaniages and problems
associated with mobile coromunication have been substantially reduced or eliminated.
In parpeular, certain devices gnd technigues for providing mobile telecommunication
service are described.

In accordance with one embodiment of the present disclosare, a method of
operating 8 wireless conununication termingl includes receiving downlink cowirol
messages that contamm scheduling information scheduling the wirveless ternunal to
recetve 3 downlink (ransmussion on either 2 primary carrier or a secondary carrier.
The method also includes determuning, for each of the downlink control messages,
whether that message includes scheduling mformation for the primary carrier or for a

secondary carrier. Additionally, the methnd includes selecting a format for an uplink
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control message based on whether any of the downlink control messages ncludes
scheduling information scheduling the wireless termimal {0 receive a downlink
transnussion on a secondary carner, generating an uphink conirol message based on
the selected jormat, and ransmitting the uphnk control message 1o the base station.
5 In accordance with another embodiment of the present discloswre, an apparatus &3

operable to inplement this method.
in sccordance with another embodiment of the present discloswre, a niethod of
operating a wireless communication terminal mchudes recetving downlink control
messagss that comain scheduling information scheduling the wireless terminal t©
1¢ receive g downlink transmission on estber g primary carrier or a secondary carrier.
Each downlink control message also containg a power control parameter. The method
farther inchades determining, for each of the downlink control messages, whether that
downlink control message includes scheduling isformation for the primary carrier or
for 3 secondary carner. Additionally, the method includes determining a transmission
13 power level for an uplink comtrol messape based on whether any of the downlink
conirol messages includes scheduling information for a secondary carrier, gengrating
an uplink comrol message. and transmitting the uphink control message to the base
station at the determined vansoussion powsr level,  In accordance with another
embodiment of the present disclosure, an apparatus i3 operable o implement this

20 meathod.

in zccordance with another embodiment of the present disclosure, 3 method of
operating a network node in an access network includes scheduling a wireless
terpunal (o recetve a downlink transmission on a primary caier and one or more
secondary carciers, The method alse includes determuining a first power tontrol
23 parameter for the wireless terminal to use in ansnuiting an uplink control message in
accordance with a Orst format and penerating & downlink control message that
inchudes the first power control parameter and schedoling information for the primary
carrier. The method farther includes determining one or more additional power
control parameters for the wireless terminal to use in transmitiing an uplink control
36 message i accordance with a second format and generating downlink control
messagss that inclwde the additional power control parameters and scheduling
mformation for secondary carriers. Additionally, the method includes ansoutiing the

first and additional downlink control wmessages o the wireless terminal.  In
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accordance with snother embodiment of the present disclosare, an apparatus is
operable to implement this method.

Important technical advantages of certain embodiments of the present

mvention include reducing the reguired overhend for conirol signaling in sysiems

5 supporiing carrier aggregaton. Particelar embodiments miay be capable of Bmiting

the control signaling overhead associated with carrier aggregation when a terminal 13

not utiizing multiple component curiers. Additionally, particular embodiments may

be able to provide this overhead reduction using a vobust signaling scheme that can

adapt to transmission errors that may tmpair the relevamt signaling, Other advantages

1¢ of the preseni invention will be readily apparent to one skilled in the art from the

following fimwes, descriptions, and claims.  Moreover, while specific advaniages

have been enumersted above, various embodiments may inchude all, some, or none of

the enamerated advantages.

13 BRIEF DESCRIPTION OF THE DRAWINGS

For a wmore complete understanding of the preseni invention and s
advantages, reference is now made to the following description, taken in conpunction
with the accompanying drawings, in which:

FIGURE 1 ihustrates the carvier spectrum for sn esample commumceation

20 svatem that wtilives varvier aggregation;

FIGURE 2 illustrates a particuler embodiment of a molbsle communication
system that supports carrier ageregation;

FIGURES 3A-3D are tables providing sxample power control parameiers that
may be utilized i particular embodiments of the mobie communteation system of

23 FIGURE 2;

FIGURE 4 15 a table of covermg vectors that may be utihized to decode
information in particular embodiments of the mobile communication system;

FIGURE 3 5 3 wble showing a comparison of the operational compliexity of
various decoding techniques that can be used to decode encoded [eedback

30 information;
FIGURE 6 is a block diagram illustrating a particalar smbodiment of a

wireless ternunal that may be supported by the mobile conwnunication system;
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FIGURE 7 s a flowchant showing example opertion of ¢ partioudar
embodiment of the wireless terminal  selecting & format for uplink conmtrol
NICSSALES]

FIGURE 8 1z a Howchart showmg example operation of a particular

5 embodiment of the wireless termunal in determining a transmission power level at
which to transmit uplink coniro! messages;

FIGURE 2 15 a block diagram illustrating a particular embodiment of a
network node that may be utilived in mobile communication system;

FIGURE 1015 a flowchart showing example operation of the network node in

14 managing the transmission power fevel of the wireless terminal; and

FIGURES 11-12 are flowcharts iHustrating example operation of particular

embodiments of the network node in decoding feedback nformation transmitied by

the wireless ternunal,

13 DETAILED DESCRIPTION OF THE INVENTION

FIGURE 1 illustrates the carrler speotrum for an example compumication
systern  that utilizes carrier aggregatton.  Certain  advanced communication
technologies rely on carrier aggregation to facibitate use of an expanded carrier
spectrum 110 in networks that must also support legacy ternunals that are only

20 capable of utilismyg smaller carrier specirmms. Under a carner aggregation scheme,
expanded carrier spectrum 110 can appear to a legacy lernunal as the aggregate
spectrum for nuiluple carriers {00 (veferred to as “cowmponent carriers” {CCs)y, each
having a smalier spectrum thal 15 compatible with the capabilities of the lepacy
ternunal,  Current-generalion terminals, however, can wtilize a larger portion of the

23 expanded spectnom 110 by transnmiting or receiving over multiple of the component
carrters 100,

As one example, Release ¥ of the Long Term Evolution (LTE) communication
standard supports a carrier spectrum having bandwidihs up to 20 MHz. As g resul,
terminals configured to support this standard ywayv be imited to using carriers having a

30 bandwidth no greater than 20 Mz However, in order to provide higher overall
throughput, Relzase 10 of LTE is expecied to suppori a carrier specinun having a
bandwidth farger than 20 MMz As a result, future releases of LTE will use carrier

ageregation to provide spectrum compatibility, With carnier aggregation, this overall
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spectrum will appear 10 & Release 8 ternungl as the apgrepate spectrom of waitiple
component carriers, each having a smaller spectrum {e.g., 20 MHye) compatible with
the capabiities of the Release § ternumal. Meanwhile, a Release 10 ternunal may be
able to utiizing the entirety of this expanded cammer spectrum 110 by uulizing
muliiple component camiers 100 sinmlianecusly,  While the description below
focuses, for purposes of Hustration, on implementing the described solutions i LTE
networks, the described  solutions may be mmplemented, with  appropriate
modification, 10 any suitable communication fechnologies.

FIGURE 2 illustrates a mobile commmasication systery 10 that provides
commugaication service to 3 wireless terminal 20 using a camier aggregation scheme,
such as the one iHustrated i FIGURE 1. Mobile commuonication system 10 inchides
an access network 30 that provides comnmunication services 1o a cell 50 associated
with mobile commuanication system 10 and a core network 40 that provides backhaud
delivery of mformagtion within mobile conwpunication system 10, By using signaling
techniques described herein, particular embodiments of mobile communication
system 10 can provide a reliable scheme for commmmicating scheduling information
and power settings batween access network 30 and wiveless ternyinal 20 regardless of
the mumber of components carviers configured for wireless terminal 20, Additionally,
by using knowledge of the component carriers on which wireless terminal 20 has been
scheduled, access network 30 can more efficiently decode feedback transmitted by
wireless terminal 20 indicating the scheduled transmissions successfully received by
wireless terminal 200 Consequently, as described further below, parucular
embodiments of mobile communication system 1€ can provide robust, low-ovethead
techuiuiquies for managing the use of carrier aggregation,

In general, mobile coramunication system 10 provides mobile communication
service (o ong or more wireless terminals 20 operating within cell 60, a geographic
area associtated with mobile communication system 108, Mobile copumunication
svstermt H) may support commupication of any suitable type andior in accordance with
any appropriaie communication siandards mcluding, but not hmited to, any Long
Term Evolution (LTE), Worldwide Interoperability for Microwave Access {WiIMAX),
and Wideband Code Division Multiple Access (WCDMA) conununication standards.

Wireless ternunal 20 represents say device capable of compmuncating

mformation wirelessly with mobile communication system 10, Examples of wireless
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terminal 20 nclade waditonal communication devices such as mobile phones,
personal digital assistants (“PDAS™), laptop computers, and any other portable
communication device suitable for use with communication system [0, For example,
i particular embodiments, wireless ternunal 20 represents an instance of LTE user
equapent {LUE). Additonally, in particular embodiments, wireless terminal 30 may
also represent automated equupment or devices equipped with componems suitable to
perntit conuntnication with mobile comunumication system 10, such as devices m a
home-automation petwork.,  For example, wireless terminal 20 may represent a
washing machine, oven, digital video recorder (DVRS), or other home appliances
capable of remote management over mobile communication system 10, Although
FIGURE 2 illustrates, for the sake of simphcity, only a single wireless ternynal 20
and a single base station 32, mobile communication system 10 may mchude any
suttable muanber and configuration of base staticns 32 capable of serving any mumber
of wireless termunals 20 including, i particular embodiments, wiveless terminals 20
having different capabilities with respect to the carrier spectnums they sapport.

Access network 30 communicates wirelessly with wireless ternunals 20 and
serves as an interface between wireless terminals 20 and core network 40. Access
network 30 may represent or include a radio access network andior any elements
responsible for providing a radio or gir interface for core network 40, For example, in
the illustrated embodiment, access network 30 inclades one or more base siations 32,
Access network 30 may also include base staton controllers, access servers,
gateways, andfor any additional components smitable for managing radio channels
used by base station 32, authenticating users, controlling handoffs bebween base
station 32 and other radic access elements, andior otherwise masagmy the
nteroperation of base siations 32 and interfacing base stattons 32 with core network
A3

Base station 32 commmumucates wirelessly with wireless terminals 20 1o
faciliitate mobile communication for wireless termiinals 20, Base stations 32 may
molude any appropriate elements o communicaie with wireless terminals 20 and o
interface wireless terminals 20 with core petwork 40 For example, depending on the
communications standards supported by access network 30 and core network 40, each

base station 32 may represent or include a base statton, a Node B, an evolved Node B
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{eMode B), a radio base station (RBS), an acgess point, or any other suitable slement
capable of communicating with wireless terminals 20 wirelessly.

Core network 40 routes voice and/or data communicated by wireless tersinals
20 from access network 30 to other wiveless ferminals 20 or to other communucation
devices coupled 10 core network 40 thyough hndline counections or twough other
networks. Core network 40 may support any appropriate standards or technigues for
routing such cominunications. For exmnple, in embodiments of wireless ternmnals 24
that support LTE, core network 40 may represent a System Archiecnse Evolution
(SAE) core nsiwork., Core network 40 mav also be responsible for aggregating
commuaication for longhaul transmission, authenticating wsers, controlling calls,
metering usage for billing purposes, or other fanctionality associated with providing
compwnication services. 1o general, however, core network 40 mav include any
componenis suitable for routing and otherwise supporting votce andior data
conumpncations for wireless ternunals 20,

in operation, mobile conwmunication system 10 provides telecomumunication
service o wireless terminal 200 As part of this service, access network 30
communicates wirglessly with wireless terminal 20, For example, in the iflustrated
embodiment, base statton 32 of access nepwork 30 establishes a wireless connection
with wireless terminal 20 for conununication over radiofrequency (RF) chanuels, and
core network 40 fransports voles, data, multimedia, and/or other fypes of mformation
between various components of access network 30 and between other clements of
mobile conmmunication system 10, such as wiveline communication devices.

To inerease the available specinum of camiers that can be uiilized lor
comnwmnication between wireless terminal 20 and access metwork 30, nwobile
commnication system 10 utilizes a carvier aggregation scheme in which one or more
component carriers are configured for use in cell 60, In particular embodiments, this
configuration 1s performed on a seni-static basis.  The nember of configured
component carriers, as well as the bandwidth of the individual component carriers,
may be different lor uplink and downlink,  Additionally, the number of component
carriers configured m a cell may be different from the nuwmber of component carriers
segn by wireless termunal 200 For example, in particular embodiments, wireless
terpunal 20 may support more downlink component carriers than uphink component

carriers, even though cell 60 is configured with the same number of uplink and
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downdink component carriers.  In particelar emboduments, wireless terminal 20 may
mtially connect (o access network 30 through base station 32 using only a smple
compament carriers, and after connecting, may be provided inforniation mdicating the

compaonent carriers currently conligured for use in cell 60
5 In order 1o prevent wireless tervugal 20 from having to constantly monitor all
component carriers configured for cell 60, an slement of access network 30 {assumed
to be base station 32 for purposes of this example} may be responsible for activating
and deactivating the various component carriers to be used by wireless ternunal 20 i
cell 60, Wireless terminal 20 can then lintt s monitoring to only those component
14 carriers configured and activated for wireless termimnal 20, For example, m Release 10
LTE embodiments, important congrol information for a component carrier will be
transmitted on a Physical Downlink Congrol CHannel (PDCCH) and Physical
Downlink Shared CHannel (PDSCH) associated with that component carrier.  With
activation, wireless terminal 20 can hmit #s momtoring of PDCCH and PDSCH 110
13 component carriers currently activated for wireless wrminal 20, instead of being
forced to momtor these channels for all component carriers configurad for use in cell
60, In certain embodiments, activation can be achieved using faster signaling {e g,
Medium Access Conirol (MACQ) laver signaling) than the mitial conliguration of
component carriers, thereby redacing the amount of Hme and overhead used to change
20 the number of component carriers abibived by wirelesy terminal 20 al a given time.
For example, upon arrival of large dsla amounis for wireless ternmnal 20 multiple
downlink component carriers may be activited for wireless terminal 20 and then used
to ransmit dala (o wireless terminal 20. These excess component carriers may then
be de-activated for wireless ferminal 20 if not seeded once this data bas been

23 gransmifted to wireless terminal 20

In particular embodiments, all but one component carvier i each divection—
referred to here, mdividually, as the “downlink primwry component carrier” and the
“uplink primary componerst carrier,” or collectively, asy the “primary component
carrier—can be de-activated for wireless terminal 20 when not needed.  Activation
3¢ provides therefore the possibility to configure multiple component carniers for
wireless terminal 20, but only activate these additional component carriers—referred
o here as “secondary component curriers”—on an as-needed basis. Often, wireless

ternunal 20 may have one or a very few component carnters activaied, thersby
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pernuiting wireless terminal 20 (0 use a lower reception bandwidth and thus reduce
baitery consumption.
In many advanced copununication systems, scheduling of component carriers
ts done via downdink assignmends, uplink schedoling grants, andior other scheduling
5 wmiormation that i3 communicated in messages (epresented in FIGURE 2 by
“downlink control messages 70 sent o wireless termunal 20 over a downlink control
channel.  For example, in an embodiment of mobile communicanon system 10
implementing LTE, dowslink assignments would be communicated 1o wireless
teratinal 20 in Downlink Control Information (DCIY messages fransmitted on the
14 PDCCH. This scheduling information mdicates that wireless ternunal 20 has been
scheduled 1o receive g downlink transmission on & partoudar commponent carrier
during a parteudar radio sebframe.  For example. in embodiments of mobile
comnmgication system 10 that implement LTE, base station 32 may transout a
dowulink control message 70 that wncludes one or more downlink scheduling
15 assignments indicating when in the current or upcoming subframe wireless terminal
20 13 scheduled to receive a data transmission on the Physical Downlink Shared
CHannel (PDSCH) on 3 particular component carrier or carriers.
Wireless ternmnal 20 determines the component carrier associated with
received scheduhing mformation either based on a predetermined relationship between
20 the component carrier on which the scheduling information was received {(e.g., the
relevant component carrier may be the same component carner on which the
scheduling nformation was received for a downlink nssignment or an uplink
component carnier associated with that downlink component camvier for uplink
scheduling grants) or based on additional information included in the downlink
23 control message 70 that wentifies the relevant component carrier {such as a Carrier
Indicator Field (CIF) o LTE emwbodiments). In particular embodiments, the
applicable subframe for the schedeling information is the same sebframe in which the
downlink confrol message 70 is transmitled, or another subframe idemified by
wireless terminal 20 based on some pre-established relationship with the subframe in
3¢ which downlink control messags 7 was ransmitted.
In addition to the scheduling information, downkink controd messages 70 may
contain, in particular embodiments, modulation and coding scheme parameters,

spatial multiplexing parameters, and feedback-related information. Additionally, in
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particulsr embodiments, control messages may mclade power control parameters
{e.g., Transmil Power Control (TPC) conunands), as discussed further below, These
parameters provide mformation indicating how wireless terminal 20 should respond to
the downhnk control message 70 or how wireless terminal 20 should behave when
using the scheduded resource.

In many advanced commumication lechnologies, wirgless terminal 20 15
expected to tespond o a downlink control message 70 by indicating whether the data
transmission(s) scheduled by the relevant downlink control wmessage 70 were
saccessfully received (inchuding both reception and decoding of the relevant
ransnussions without error). Thus, in particalar embodiments, wireless ternunal 20
responds 10 a detected downlink control message 70 by conunumicating an uplink
confrol message 72 that mchudes feedback mformation {eg., Hybrid Auwtomatic
Repeat  Reguest  {(HARQY  Acknowledgement/Negative  Acknowledpement
{ACKUNACK)  feedback buts) indicating  successful  receipt or  unsuccessiul
recetpt/non-receipt of the ransmission(s} scheduled by that downlink control message
70, However, when carrier aggregation 15 implemented in a network, particudarty one
supporting legacy termunals unable to utilize muwltiple component carrers, the
configuration and comnumication of uplink control messages 72 can become far more
comphicated.  Commumication of feedback for a significant number of different
componenl carriers can waste value fransmission resowrces.  Additicmally, the
dramatic increase in the number of possible configuration and scheduling scenarios
can create problems if the comnumication of ths information is not robust.
Therefore, particular embodiments of mobile communication system 10 plement
certam solutions for umproved comsmunicaiton of comfrol signaling in carrier
aggregation syslems.

In particular emboduments, wireless terounal 20 1s configured by the network
to make scheduling requests (SR} with a pre-determined frequency. When a wireless
terminal 20 15 to feed back bits in a subframe that allows scheduling request, the SR
bit {where, e.g, “17 may represent a positive scheduling request and 0" may
represent @ negative scheduling request) can be appended o the feedback bl
sequences. Thus, uplink control message 72 may also include an SR bit or an other

form of schedubing request in addition o the feedback bits.
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Format Selection for Linlink Control Messaves

Il wireless terminal 20 has muliple component cavisrs activated at a
particular moment, it may be necessary for wireless ternmmal 20 to prowide feedback
on iransmissions scheduled on muliiple different conponent carviers at opce. In

5 particular embodiments of mobile comumunication system 10, wireless ferminal 20
may be configuwrad to use a single uphink control message 72 1o acknowledge receipt
or ponreceiptifailed receipt of scheduled information on all scheduled component
carriers during a particular subframe. By consolidating the acknowledgements w this
manner, mobile communication svstem 10 may reduce the overhead required for such

14 acknowledzements,  However, legacy terminals served by mobile communication

svatern 10 may only be capable of using {and therefore acknowledging) 8 single

component carrier.  As a result, it may be necessary for mobile compmmication

system 10 to recognize multiple formats of uplink control message 72, meluding a

first format for devices capable of utiliving only g single compounent carrier, a format

13 that only prowvides feedback for a single component carrier {referred 1o bhere as the

“single carrier”™ or “SC” format), and a second format that can be used lo

communicate feedback for multiple component camiers {referred (o here as the
“earier-aggregation” or “CA™ format).

In particutar embodiments, the second format represents a message format that

20 defines within an uplink control message 72 predetermined locations for one or morg

feedback bits associated with each of the component carriers currently configured for

use w cell 600 The specific manber of bits transmitted for each component carmer

may vary, For example, in particolar embodiments, mobile commmumication system 19

supports nuiltiple-put multiple-output {(MIMO) and spatial diversity transnussion

23 schemes and mav selectively viitize spatial feedback bundhing. Tn such embodiments,

wireless termunal 20 may be configured o uwse a CA formad that prowvides one

feedback bit per configured component camier when spatial feadback bundhing s

emploved, and provides two feadback bits per configured componens carrier when

spatial bundling is not emploved. For example, if cell 60 1s currently configured with

34 three component carviers, this CA format would support three bits when spatial

feedback bundhing is smployed and six bits when spatial feedback bundling i not

emploved. Unneeded feedback bits (eg., those associated with a component carrier

for which no scheduling information was successfully received, or those associated
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with a single-codeword tranmsmission that reguives only one of an allotied two

feedback buis) may be set o a fixed valug, eg., "0 INACK). It general, however,

the CA format may mdicate m amy appropriate manner whether scheduled

mformation for each of a plurality of component carriers has or has not been
5 suecessTully recelved by wireless terminal 20.

Because of the additional overhead associated with wsing the CA format, it
may be desirable to have terminals that are capable of unhizing multiple component
carriers also use the 3C format for uplink control messages 72 if such terminals have
only been scheduled on a single compoenent carsier {and, thus, ouly need to provide

10 feedback on a single component camier).  Therefore, m particular embodiments,
witeless terminal 20 fransmits uplink control messages 72 in accordance with the SC
format when providing feedback regarding a transnussion wirveless termingl 20
scheduled to receive on a single component carrier {e.g, the primary component
carrier) and W accordance with the €A formar when providing feedback on

13 transmissions wireless terminal 20 1s scheduled o receive on maultiple component
carriers.  Conseguently, particudar emvbodiments of mobile communication systeny 10
may reduce the overhead associated with control information transmissions by
wireless terminals 28 that support casrier aggregation.

However, becanse access network 30 may communicate downlink control

20 messages 70 over non-ideal radiofrequency (RF) channels, downlmk comtrol
messages 70 carryimg assignments and scheduling grants may not be recetved or may
be corrupted during transmission, resulting in errors when decoded by wireless
terpunal 20, As a result, wireless fernumal 20 may not receive all of the dowslink
conirol messages 7 fransmitied fo i for a particular sebframe.  One pariicular

24 concern is that wireless ternunal 2¢ may receive g downhink control message 70 with
scheduling mformation for a secondary component carner, but fail to receive the
downlink control message 70 with scheduling wnformation for the primary component
carrier during the same sabframe.  In such cases, using the SC format 1o provide
feedback on the downlink control message 70 for the secondary component carrier

3¢ could fead to errors, becanse the SC format uplink control message 72 only provides
fredback on a single component catrier. Because, inn this case, muitiple componant

carriers have been scheduled for wireless terminal 20, access network 30 may not be
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able to conclasively determine which of the scheduled component cawiers the
feedback was associated with.
Consequently, m particular embodiments, wireless ternunal 20 15 confligured
to select a format for uplink control messages 72 hased on whether wireless terninal
5 20 receives scheduling information for any secondary compouent carvier associated
with cell 60,  In panticular embodinents, wiveless {ermunal 20 knows which
compongntt carvier {8 the primary component carvier (for example, as a resuit of
information transmitted by base station 32 during configuration of the component
carriers) or is able to determine from the format of a received downlink contrel
1¢ messages 70 whether the corresponding component carrier is the primary or a
secondary  component carrter.  If wireless terminal 20 suecessfully  receives
scheduling information for any secondary component carrier, wireless terminal 20
responds with a €A format uplink control message 72, even i this secondary
component ¢arrier is the only component carrier for which wireless termunal 20
15 successfully receives schedohng mformation for that subframe. By doing so, in
particular embodiments, wireless terminal 20 1s able o prevent errors that would
otherwise resull if wireless ternunal 20 used the SC format to provide feedback on
secondary component carriers when wireless terminal 20 has not successfully
received schedaling information transmitted for the primary component carner. In
20 such embodiments, wireless termunal 200 may still use the SC format to transmit
feedback when wireless ternunal 2G the onlv compenent carrer for which wireless
terminal 20 receives scheduling information is the primary component cavier, just not
when a secondsry component cargier is the only component carvigr for which
schedubng information is received.
23 In peneral, this solution permits gecess network 30 (o conclusively establish,

.
¥
4

when receiving an uplink conirol message 72 with feedback information for only a
single component carrier (e, an SC {ormat message), that the feedback information
relates (0 a scheduled transndssion on the primary component carrigr, Furthermore, in
panticular embodiments of mobile communication system 10, access network 30 is
30 configured to always schedule wireless terminal 20 on the primary component carrier
first. In such embodiments, wireless terninal 20 may ofien be scheduled on only the
primary component carrier. As o result, wiveless teninal 20 may still be able to use

the SC format often, limiting the frequency with which the CA format, with s
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additional overbead, is used. Thus, parhicular embodiments of mobife communication
system 10 permit wireless terminal 20 to opporhwmstically use the SC format ©
reduce the control signalitg overhiead associated with carner aggregation, bui at the
same tme avold cerfn errovs thal may resull when schedulmg information s
msoccessfally transmitted.  FIGURE 7 below describes in grester detail example
operstion of a particular embodiment of wireless terminal 20 capable of providing

feedback i this manner.

Communicating Power Control Parameters

Particular embodiments of mobile communication system 10 may also or
alternatively provide a more reliable technigue for controlling the transmission powsr
of terminals when sending uplink control messages 72 associated with carrier
aggregation. In particular embodiments of mobile commusication system 10, each
downlink assignment or uplink grant s scheduled with us own downlink control

.

message 7O and each received aplink control message 72 contains 8 power control
parameter that indicates divectly or indirectly a transoussion power level for wireless
ternunal 20 to use in transmitting the responsive uplink conirol message 72, These
power control parameters may  represent  information ndicating a  specific
transnvssion power level for wireless terminal 20 to use, mformation indicating a
maxunum fansmission power fevel wireless ternunal 20 must obey, miormation
indicating an adjustment for wireless terminal 20 {o apply {0 a current transmission
power level, or information indicsting in any other manner an appropriate
transmission power level for wireless terminal 200 As one example, in certain LTE
embodiments, each downlink control message 70 contains a Transmat Power Control
(TCP) bit fleld that contains an adinstment value for wireless terminal 20 to apply toa
current power level in deternuning an appropriate transmission power level at which
to transmit a responsive uplink control message 72 on the PUCCH.

As explained above, when scheduled for transmission on the primary
component carnier as well as one or more secondary component carriers, wireless
terpunal 20 will receive muliiple downlink control messages 70, oue for each
comement carrier on which the terminal is scheduled. In such embodiments, it would

be possible to only transmit the desired power control parameter in one downlink
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control message 70 and reuse the relevant Selds wn other downlink contro! messages
74 for other, non-redhndant control information.
However, doing so can create several problems. Fust, if the power control
parameter were inserted nte only a sigle downlink control message 70 fransmitted to
5 witeless termnal 20 and wireless termunal 20 does not successfully receive that
downhink control message 78, wuelesy terminal 20 nught aot have sufficient
mformation by which to determine the correct transmission power o use i
transmitting the responsive uplink control message 72, Second, even if wireless
terntinal 20 were to receive the downlink control message 70 containing the true
10 power contral parameter, access network 30 would be unlikely to find a single power
control parameter suitable for use with both the SC format and the CA formal, as
these two formats may result in drasucatly different uplink transnissions.
Furthermore, in particular embodiments, the CA format provides feedback for
all configured component carriers. Since re-configuration is a rather slow process, the
13 mumber of conficured component carviers connot wack the actually used component
carriers and ofien a rather high munmber of component carrers s configured for a
given cell 640, Therefore, # is quite likely that, for a given sublrame, cell 60 will be
configured with more component carmiers than wireless terminal 20 will aciually be
scheduled to use. This may result in a vet a third problem. Wireless terminal 20 may
20 transmit feedback bits that would be unnecessary if wireless terminal 20 provided
feedback for only activated or scheduled component carriers. This in turn resulls i
Jower energy per trae feedback bit and worse performance.

To address the third problem (i e, dimimshed performance resuliing from the
transmission of more feedback bits than are necessary), particular embodiments of
23 base station 32 implement a dynanue decoding scheme to decode feedback bits
transonitted by wireless terminal 20 after recetving these downlink control messages
70. This dynamic decoding scheme wtilizes scheduling knowledge to improve the
base statton’s decoding performance for a given transmission powet level, As a
result, the dynamic decoding can provide the same quality level with a substantial
34 reduction in the signal-io-noise ratio, thereby reducing the negative mmpact of the
unnecessary feadback bits. This dynamic decoding scheme is described in greater

detsil below.
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To address the first and second problems, an appropriate clement of access
network 3¢ (assumed here to be base station 32) may be configured to determine a
power control parameter {o include in each downlink control message 70 based on
whether the relevant downlink conirol message 7} is conwnunicating scheduling
mformation for e primary component carsier, & “PCC control message” {represented
m FIGURE 2 by downhnk control message 70a), or communicating scheduling
information for one of the secondary component carriers, an “SCC control message”
{(vepresented In FIGURE 2 by downlink control messages 70b-d).  In particular
embodiments, if the relevant dowalink control message 70 i a POC downlink contrel
message, base station 32 selecis a furst power comirol parameter suitable for use i
transorting an uplink conwrel message 72 i accordance with the SC format. 1
tnstead, the relevant downlink control message 70 is an SCC control message, then
base station 32 determines a second power control parameter or multiple power
control parameters switable for wireless terminal 20 (o use in ansnuiting & responsive
uplink control message 72 n accordance with the CA format.

Base station 32 mav deternune this second andior any addibional power
contraf parameter for use with the CA format in any suilable manner. As one
example, in particwdar embodiments, base station 32 determines a second power
control parameter for wansmiiting aplink control message 72 wang the CA format
regardless of how many or which downlink control messages 70 wireless terminal 20
recetves, In such embodiments, base station 32 may then mclude this second power
controf parameter in each of SCC downlink contro! messages 70b-d. This may ensure
that wireless farminal 20 will use the same fransmission power regardless of how
many of the multiple SCU downlink control messages 70b-d wireless terminal 20
successfully receives,

As another example, the second power control parameter deternyned by base
station 32 may represent & power control parameter for use when wireless terminal 20
successiully recetves all of the SCC downlink control messages 70 transmifted to
wireless ternunal 20 for that sublrame. Base station 32 may mend for wireless
terpunal 20 to calculate an actual power countrol parameter to use based on this second
powser control parameter and on the number of SCC downlink control messages 70
that wireless terminal 20 successiully receives.  As a result, base station 32 may

calenlate a third power control parameter by dividing the second power contrel
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parameter by the number of secondary compovent carriers on which wireless terminal
244 is being schaduled in Udus subframe. Base station 32 may then include this third
power control  parameter m each SCC downlink control message 70b-d
Ablernatively, base station 32 may calculate multiple, different addttional power
control parmmeters—one for sack SCC downlink control message 70b-d 1o be
transmitted-—that add up 1o the second power control parameter. Base station 32 then
inchudes one of these additional power control parameters in each 8CC downlink
control message T0b~d transmoitted. I wireless terminal 20 then successfully receives
somie or all of the wansmitted SCC downlink control messages 70b-d, wireless
ternunal 20 will add the power conirol parameters in the received SCC downlink
control messages 70b-d (with carrier-specific weightings in certain embodiments) to
get a power control parameter for use b making a CA format transmission in the
subframe.

As yet another example, base station 32 may deternune a second gndior
additional power conurol parameters based on the specific set of secondary component
carriers on which wireless termunal 20 15 scheduled to recerve a fransnussion duwing
the subframe. To illustrate, FIGURES 3A-3D pmovide tables containing example
power control parameters for an embodiment in which base station 32 i capable of
supporting five different component carriers.  Specifically, the tables of FIGURES
3A-3D describe example power control parameters for a particular esthodiment of
base station 32 when two, three, four, or five componem carriers, respectively, are
configured for wireless termunal 200 In puarticular, FIGURES 3A-3D lustrate
example power control paramelers for an embodiment m which wireless termunal 20
determines g transnussion powst level for transoutting uplink control messages 72 in
accordance with Equation 1:

Boscen { ) mm%’{; MAX 7 P:‘:__}?\.F(I{.‘l‘ +PL+ ‘11( Leors ;s;;'g}"*" “{&E__B’E,:'{‘(Iil {}(} + gt\’}§ (1)

for which the following definitions are used:

Foricn 10 PUCCH transmit power lor subframe /.
N Configured maximam transmt power for uphink PCC.
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) Desired uplink control message recetve power signaled by
higher layers.
- n,) Offset parameter that depends on nwmber of CQI bis or

manber #egr of CQI bits or mumber 7y of feedback bits

Ay et Offset parameter that depends on ephnk control message
format
g} Accupnilated power adjustment value derived from power

-

control parameters. &, ). In particalar embodiments,
M-

aliy= glij+ Z‘()’(.,E,,:Q,_, {{ —&,,} The values M and k.. depend on

whedher the duplexing mode s FDD or TDD.
PL. Pathloss

Base station 32 may store lookup tables contaming the same or similar
mformation o that shown i FIGURE 3A-3D.  Additionally, base sistion 32 may
maintain multiple different versions of each lookup table o use under different radio
conditions, with difference carrier configurations, or i response 0 changes in other
aspects of the operating enviromment, In such embodiments, base siation 32 selects
an appropiate second power confrol parameier using such lookup tables. Base station
32 then inchudes the selected second power control parameter in each of the SCC
downlink control messages 70b-d transmutted to wiveless tevmunal 20 Alternatvely,
base stattont 32 may, as described above, calculate a third power control parameter
and/or additional power control parameters for inclusion in the SCC downlink control
massages 70 based on the selected second power control parameter.

As yet another example, in particular embodiments, base station 32 may
deternune the second power control parameter {or any addiional power control
parameter fo be included in SCC downlink control messages 70) based on whether
spatial Teedback bundling will be emploved by wireless termuinal 28, For example,
any of the above described iechnigues for generating additional powsr control
parameters can be modified to further consider whether spatial feedback bundling will
be emploved. This may permit the transmission power (6 be adjusted based on the

nutnber of feedbuck bits that will actually be wansmitted.
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Base station 32 then transmits any generated downlink control messages 70 {o
witeless termuinal 20, Wireless termunal 29 successfully receives {(ie., receives and
decodes without errory some or all of the transnutted downhink control messages 70
Rased on the successfilly received downlink control roessages 70, wireless ternunal
20 determaines a tansoussion power level to use when transmitting the responsive
uplink conirol message 72, I wireless ternunal 20 successfolly receives only PCC
downiink conirol message 704, wirgless terminal 20 will determine 3 ransmission
power level for transmitting a responsive uphink control message 72 wsing the power
control parameter i the only downhink control message 70 successfully recetved by
wireless terminal 20 {1 this case, the {irst power control parameter). I wireless
ternsinal 20 successfully receives any of SCC downlink control messages 70b-d, then
wireless terminal 20 will instead determine a transmission power level to use based on
power conlrol parameters i one or all of the successfully received SCC dovwndmk
control maessages 70b-d {i.e., the second or additional power control parameters), As
explained above, wireless ternunal 20 may determine the overall power control
parameter (o use based on a common power control parameter that 1s included each of
the successfully recetved SCC downlink control message 70b-d, based on the sum
{possibly weighted) of the power control parsmeters included in the successfully
received SCC downlink control messages 70b-d, or based on any appropriate
combination of the power control parameters i ong or more of the successtully
recetved SCC downlink control messages 70b-d.

Thus, wireless terminal 20 uses the fivst power control parameter (e, the
power control parameter included in the dowalink control message 70 scheduling
wireless terniinal 1o receive transnussions on the primary component carcier) when
base station 32 has only scheduled wireless ternungl 20 1o receive transmissions on
the primary component carvier, or when wireless terminal 20 does not successfully
receive downlink control messages 70 commaenicating the scheduling of any
secondary component cariers.  If, however, wireless terminal 2€ successfully
recetves any downlink control messages 70 scheduling wireless terminal 20 (0 receive
transnussions on a secondary component carner, then wiveless terminal 20 will
disregard the first powsr copirol parameter and determing the appropriate
transoussion power tevel based on the power control parameters m one or more of the

downlink control messages 70 scheduling such secondary component carriers.
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After deternuning the power control parameter or parameters {0 use based on
the successiully received downlink control messages 70, wireless terminal 20 will
caleulate a transmission power for #s uplink control message 72 based on this power
coniral parameter. Wireless terminal 20 may defermine the fransmission power 1o

3 any appropriate manner based on the power control parameters comnumicated by
base statien 32 in downhnk contrel messages 70.  For example, m particular
embodiments, wireless terminal 20 15 configured to determung a transmission power
fevel for the downlink control message 70 based on Equation {1},

In particolar embodiments that utilize Equation {13, g is the accunudation of

1¢ the current power control paramster {or the {weighied} sum of power control
parameters  successfully received in downlink coutrol messages 70 scheduling
secondary component carriers) and previous values.  Depending on whether the
relevant power control parameters are used to maintain a single g{) valwe or two
independent g{i) values—one for the SC format (grec{i)) and one for the CA format

13 {gsrc{i—such embodiments may wiilize separate power costrol loops for the
different formats.

In the first case where only one a single g{i} value is maintainad. this g7} is
only updated with the power control parameter related to the format to be used for the
responsive uplink controf message 72, Thus, whenever the 8C format is used, g(i) i3

20 updated based on the power control parameter transmitted in the PCC downlink
control messages 70 (Le, the first power control pgraneter), assumnng the PCC
downlink control message 70 was successiully received. Whenever the CA format is
wsed, £ 1 updated based on one or more of the powsr conrol parameiers in
successfully recetved downlink control messages 70 scheduling secondary conponent
23 carriers.

In the second case, geer(d) for the SC format is only updated with power
control parameter from PCC downlink control message 70, Meanwhile, geeo{t) for
the CA format 15 only ppdated based on power coniral parsineters in downlink comirol
messages 70 scheduling secondary conmponent carriers. In various embodiments, both
30 Qrecll) and geee{i) may be updated as soon as a corvesponding power control
parameter is received or may only be updated if the corresponding format for uplink
control messages 72 is also used (e, grod) is only updated if the SC format is used

and geoc{d) 1s only updated if the CA format is used).
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After deternuning the appropriate transmussion power lfevel, wireless terminal
24 ihen transnas an uplink contre! message 72 for the subframe to base station 32 in
accordance with a selected format and using the caleulated wansnussion power level.
By using the described techoiques o conwnunicate the appropriate transpiission
3 power lavel for the relevant aptink control message 72, mobile commumication system
10 can, m particular embodiments, {acilitate the use of different transnussion power
fevels for different control message formats bot, at the same fine, nunimize the
impact that ranspussion errors in communicating downlink control messages 70 have

on the selection of appropriate fransmission power levels,

14

Dvnamic Decoding of Uplink Control Messaves

As noted gbove, partcular embodiments of mobile communication system 10
pitlize dynamic decoding of feedback bits in uplink control messages 72 to improve
decoding performance. More specifically, particular embodiments utilize knowledge

15 of the scheduled component camiers for wireless terminal 20 to mprove link
rehiability andior reduce the transmission power requiremwents for uplink comirol
messages 72,

As part of this dynanne decoding scheme, base siation 32 receives uplink

control messages 72 from wireless terminal 20 that have been encoded for

20 trapsmisston over the radio link between wireless tarnunal 20 and base station 32
The following description assumes, for purposes of illustration, that wireless lerminal
20 encodes feedback information in uplink control messages 72 using a (32, ©) Reed
Muler encoding scheme, where Q i3 the number of feedback bits.  Nonetheless,
wireless terminal 20 may use any suitable encoding scheme with appropriate
23 modification of the described decoding technigues.  Additionally, the [following
description assumes, for purpoeses of illustration, that two feedback bits are
transmitted for each component carrier on which a terminal i3 scheduled. In
alternative embodiments, the number of bits in the feedback information may vary
depending on, for example, whether spatial bundling is employved or whether certain
30 component carriers are configured {0 ouly be ased for single-codeword transmissions.
Thus, in particular embodiments, wirgless terminal 20 encodes the feadback

bits using the (32, O) block code. In particular embodiments, the code words of this

hlock code are a hinear combination of the eleven (11) basis sequences denoted A,
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and defined wn Table 522.64-1 of 3GPP T8 36212, “Muliplexing and channel
coding,” V 2.0.0, which s mcorporated herein by reference in s entirety, The

encoded block is denoted by Ay 5, 5,0, By where 8= 32 and:

{1

by = z{f-’w Mo, )modE Equation 2)

pr=={}
N where1=9¢, 1,3, ..., B-L.

The encoded block may then be processed as appropriate for the relevant
configuration of mobile conununication system 16 before bemg transmitted by
wireless terpunal 20, For instance, i certain LTE embodiments, rate maiching is

16 performed on the encoded bits 1o generate a 48-bit encoded sequence {or ransmission

as part of a Discrete Fourter Tramsform Spread Orthoponal Frequency Division
Multiplexed (DFTS-OFDM) based PUCCH. The encoded bit sequence is then
scrambled with cell-specific and/or symbol-dependent sequences. Two 24 bit groups
are each assigned (0 a separate slot and converted o twelve gquadiature phase-shufl
15 keving (QPSK) symbols, DET precoded, spread acrogs five DFTS-QFDM symbads,
and pansnitted within one resowrce block (handwidthy and five DFTS-OFDM

symbols {time}.
Base station 37 recerves the encoded feedback mformation as part of an uplink
contro} message 72. Base station 32 then decodes the encoded feedback information
20 using knowledpe of scheduling mformation associated with wireless tenminal 20 to
facilitate decoding. To tlustrate, consider an example n which base station 32 has
scheduled two component carniers {Component Camier 3 and Component Carrier 43
out of five configured component carriers for transmissions to wireless terounal 20

during a particular subframe and in which wireless terminal 20 uses two feedback bits

[
L

to report on ecach configured component carier.  Since the codebook used m thng
example would be configured to support ten {eedback bits, wiraless terminal 280 will
yse ten Reed Maller bases with indices {3, 1, 2, 3, 4, 5,6, 7, &, ¢! (o encode the five
configured component carriers in this case. That i, 8 nominad (48, 10} channel code
is used by wiraless terminal 20,

3 Because, i this example, base station 32 has pot seni any assignments of

scheduling grants relaung 1o Component Cammer 0, Compovent Carver 1, or
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Component Carrier 2, the ten-bat sequence of feedback buts showld start with six zeros.
Therefore base siation 32 using s knowledge of thas scheduling imformation can
decode an effective (4%, 4) chamnel code using only the Reed Muller bases with
mdices {6, 7, 8, 9} For thas example, this knowiedge effectively reduces the number
of possible codewords to search from 1024 to only 16, As a result, the reguived
operating signal-to-noise ratio {SNR)Y can be reduced, and the transmission power
used by wireless terminal 20 1 tansmiting feedback miformation can fikewise be
reduced.  For instance, in the case of five configured component carriers, dynanuc
decoding can reduce the necessary transmission power increase on wireless terminal
20 when transmitting CA format uplink contrel messages 72 from 4 dB dows to no
merease 1 most cases and o small increase in a minority of cases. The required small
transmission power increase for the minority cases can be added to power control
parameters in downlink control messages 70 scheduling secondary component
carriers {o inform wireless terminal 20,

Therefore, in particular embodimenis of mobile communication system 10,
base station 32 utihzes an improved maximum kebhood decoding scheme to decode
the first order Reed-Muller-code encoded feedback information in uplink contrel
messages 72 based on knowledge of the scheduling information that prompted the
feedback information. In particular embodiments of mobile commumcation system
10, this decodmyg scheme comprises a firdd decoding algonihm used for uplink control
messages 72 that include up to six feedback bits and a second decoding algorithm
used for uplink control messages 72 that include more than six feedback bits.

More specifically, the first decodmg algorithm provides an efficient technique
for dynamaic decading of CA format uplink conirol messages 72 supporting up to six
feedback bits (e, O = 61 As noted above, in particalar embodiments, wireless
ternunal 20 ases an LTE {32, () block code related to the Brst order (32, ) Reed-
Mutler code to encode feedback bits in uplink control messages 72, For example,
when wireless terminal 20 encodes an aplink control message 72 for g cell 60
supporting five configured component carriers and emploving spatial bundling (fe.,
an uplink control mesaage 72 that inclades five bits of feedback formation), the LTE
(32, ) block code is used for forward error correction. A brute-force maximum

5

tikehhood (ML} decoding of this code would requive 32#32=1024 operations. Using
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the first decoding algorithm, an efficient decoding can be completed iy particular
embuodiments of mobile conymunication system 10 in only 32=log:32=160 aperations.

In particelar embodiments, this first decoding algorithm is implemented by:

i Applyving the inferfeaving shown in Equation (3} to the received

S solt value sequence, 1, FL 1L FLL By cotresponding to the LTE (32, O block
code o convert the received soft value sequence into a repeived vector,
So¥ ¥y, S 8y, cotresponching o the first order (32.6) Reed-Muller cods:

ST
Syrlny
1 $187 110
RIENS ¥ 3
X S
15
20
S g
0T
S317 0 Equation {3)

25 2. Perform a fast Hadamard transfonm on the received vector
v v Y 9 ¥ oy y Yo e SV RS EE '{ }! 1 II ;
Sn.8 . 85,808y 10 obtain the wansformed values 7y, 0,7, Ay

3. Find the index and the sign of the transformed value with the
largest absolute value from a subset of the ransformed values. The subsel is
determined by the set of known information bits.

30 4. Obtain an information bit sequence estimate based ou the index
of the best transformed value and its sign.

To sllustrate this technique, consider a first example where base station 32 has
scheduled wireless terminal 20 to yse ol five currently-confipuwred component
3s carriers. In this case, the sei of known information bits would be {os] = [0}, because

Component Carrier 5 is not confipured and thus 1s not scheduled. Suppose the actual

genemted by wireless terminal 20 s {1, 1, 0, B 1] for the five

o

feedback it sequence
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conlipured conponent carrers, indicating that wiveless {ernunal 20 successfully
recerved scheduled transmissions on Component Carrier 4, Component Carrier 1, and
Component Carrier 4. In an embodunent using the exanple encoding scheme
described above, wireless termunal 20 would then produce a corresponding first~order
5 Reed-Mualler encoded codeword of {1, 0, 1,6, 1,0, L, 0,0, 1,4, 1,0, 1,4, 1, L0, 1,4,
Lo, L0 ¢ 1,9, 1,06, 1, 0, 1] and transmit the codeword to base station 32 as part of

an uplink control message 72,
Base station 32 recerves the transouited uplink control message 72 and may

then perfonm the interleaving described by Eguation €3) on the soft value sequence

14 corresponding to the feedback bils to generate a received vector, 8,88 8,08y
Suppose that, because of interference and noise W the wireless communication
chanmel | the received vector, 5,,98,%,.5,....85, , for this example is given by [-0.§,

0.5, 09 0.7, 08, 14 11,01, 1.2, 03, 1.4, -1.8 09, -1.4, 05, 1.5 09, (17 1.0,
0.9, -1.3, 1.1 -06, 2.0, 04, -1.6, 15, -1.2. 03, 0.7, 1.7, -0.8). The resulting

15 Hadwmard transformed values for this example are shown on the left-hand side of the
followmmg Fquation {4}
Positive  Negative
T = -} 3 = 00000 or 100000
hy = 273 W 010000 or 110000
20 ho = .13 -2 001000 or 101000
b = <38 - 011000 or 111060
b = b1 - Q001 or TOO100
s = 36 <> 0100 or 110100
hg = T - GO1100 or 101100
25 h% = 00 -» 011100 or 111100
hy = 13 < Q00010 or 100010
hy =320 -» 010010 ar OO0
i = 7 - 001010 or 101010
b =036 -2 010 or 111016
30 hyy = 224y > 000110 or 100110

Z
i

4.7 w2 010110 or 110110
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hgs = 8 - Q0110 or 101110
s = 27 -» 011180 or 111310
hs = 222 - (00001 or 1OGDDT

fags = 3.1 <> 010001 or 116001
g = 77 - 001001 or 101001

B = 33 > §110601 or 111001
Bao = 48 <> Q00101 or 100101
B = =19 - 010101 or 110101

=

hoa = 2.1 == 001101 or 101101

By = ob 3 011107 or 111101
has = .11 - 000011 or 100011
fras = 1.5 > Q1001 or 110011

hae = -1.4 - (01011 or 101431

has = .22 W 0 I or 111011
g s 2( <> 000111 or 106111
Bao = 31 - 010111 or 110111

fun = .42 > Q01H] o 10111}
B = 42 ~» OFLHEE or 1HEEER Eq. {4}

In Step 3, the index and the sign of the transformed value with the largest
absolote value from a subset of the transformed values 1s found. Since the set of
known information bit is {o, §= {0, the search should be limited o A, with b {0, 1,

2.3, 04,5 6, 7,8 9, 10, 11, 12, 13, 14, 15}, the mdices for the candidates

153

corresponding to {os} = {{}-that 15, the indices for alf candidates having 3 “0” for the
fingl bit. For this exanple, fohas the largest abselute value in that subset and #'s sign
5 negative. A indicated by the nght-hand side of Equation (4), each of the
Hadamard gransformed values (8,) 1s associated with a bil sequence. In the example
embodiment, each of (he ransformed values is associated with a six~bit sequence that
comprises a five-bit binary representation of the index of the relevant transformed
valoe {in the second through sixth bits| with the sixth bit bemg the most significant of
the five-bit representation) and an addwional bil (the first bt} that vorresponds to the

sign of the {ransformed value (with a negative transformed value mapping to a first bit
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of 17 and 8 positive ransformed vahie mapping to a fvst bit of “07). Thus, for this
example embodiment, Ay having the greatest magnitude and a postive value
corresponds 1o a bit sequence estinate of {1 1 0 0 1 0] for the ongial, unencoded
feedback information. Since base station 32 knows that [os] = [0 in this exanple,
base station 32 can deternine that the estimated feedback bit sequence {1 1 00 1 0}
comesponds to a fransmuited feedback sequence of [1 1 04 1], Thus, base station 32
15 gble to recover the onginal feedback mformation sent by wireless terminal 20

Consider a second example where base station 32 schedules Component
Carrier 0, Component Carrier 1, Component Carrier 2, and Component Casrier 4. In
this case, the subset of known mformation bifs 15 fo,,0.]=]0.,0], based on the fact
that Component Carsier 3 has sot been scheduled for wireless terminal 20 and
Component Carvier S 13 not configured. Therefore, the search subset for Step 3 i
Hmited to A, with &2 {0, 1, 2, 3, 8, 910, 11}, the indices for the candidate bit
sequences for which {o, 0.} ={0.0].

Consider a thivd example where base station 32 schedules Component Carrier
G, Component Carner 1, and Component Carrier 4. In this case, the subset of known
mformation bits is {o,,0,,0,]1=[0.0,0], based on the fact that Component Carrier 2,
Component Carrier 3, and Component Carrier 3 have not been scheduoled. Therefore,
the search subset for step 3 1s Hmited 10 A, with & {0, 1,8, 9, 11}, the indices for
the candidate bit sequences for which {o,,0,,0,}=[0,0.0}.

As noted above, particular emboediments of mobife communication system 10
may utilize a second algorithm for decoding feedback bits in uplink control messages
72 containing more than six feadback bits.  In particelar embodiments, wireless
tergunal 20 uses an LTE (32, O) block code related o the second order (32, 16) Reed-
Muller code to encode thus Teedback imformation. For example, in such embodiments,
a CA format uplink conurol message 72 that provides feedback on five configursd
component camers (without emploving spatial bundhing) contains ten feadback bits,
and wireless termuanal 20 uses the LTE (32,10) block code for forward arror correction
encoding. Wireless terminal 20 then transmits the encoded uphink control message 72

to base station 32,
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By utilizing the second algorithm, particelar embodiments of base staton 32
may perform decoding of feedback information i such an uphink conirol message 72
with substantially lower complexiy.
According 1o this second algorithin, base station 32 decodes feedhack bits hy:
5 1. Applyving the miedeaving shown i Eguation (3) on the received

solt value sequence 75, 4, %, 1., /yy cormesponding to the LTE (32, O) block

code into a received veelor 8,,8,,8., 8., 8y, corresponding o the second
order (32,10} Reed-Muller code.
2. Formung a set of hypothesized sequences for [o,.0..0,.0,1. The
14 hypothesized sequences may vepresent all possible combinations of
fo. 0.,0,,0,1. In particular emmbodiments, bowever, base station 32 may use
known scheduling information o sliminate candidates that are not possible.

3. For each of the hypothesized sequence for {o,. 0,0, 0, 1

a. Multiplying the received vector §5.9,.5,,8,....% with

15 the covering vector €, 0,,¢., &y, &y corresponding io the
hypothesized sequence for {o . 0;,0,. 0, in the table of FIGURE 4

to obtain a modified received vector 8,8, 8.8 o8

b. Performing a fast Hadamard transform on the modified
received vectar 8,8 .8% 8,8, to obtain the transformed

20 values R, 1 0 By By

¢. Finding the mdex and the sign of the transformed value
with the largest absolute valee from a subset of the wansformed
values. The subset is determined by the set of known mivrmation

bus; and

i3
A

d. Obtaimng an intermediate information bit sequence
gstimate for the second order Reed-Maoller code based on the mdex
of the best transformed value and s sign. The absohute value of
the tansfonned valoe associated with the intermediate information
bit sequence estimate 13 also vetamed as the intermediate metric;

30 and
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4 Obtaning the final information bit sequence estimate from the
intermediate information byl sequence estimate for the second order Reed-

Mutler code associated with the best atermediate metrie.

5 The covering vectors referenced by Step 3a) above comprise a representation
of the associated hypothesis sequence that has besn encoded using the same encoding
scheme mmplemented on the fransnutiing side, possibly with addional processing to
facilitate detection of the remaiming bits. For example, in the embodiment described
by the table m FIGURE 4, sach hypothesized sequence is associated with a covering

16 veotor €, 0, ¢y, 85,0, Oy, that represents a version of the hypothesized sequence that
has been encoded using Equation (2) and the basis sequences sssociated with the hits
addressed by the hypothesized sequence.  Thas, fov the ilustrated example, an
example m which the hypothesized sequences address bits g, 0+, 05, and oy, the
coverig vectors represent versions of the hypothesized sequences that have been

15 encoded using Equation 1 and only the basts sequences Ms, 87, Mo and Mo In
other words, sach example covering vector is based on an encoding of the
corresponding hvpothesized sequence using Equation (2) for i = 6, 7, 8, 9. In the
example embodiment described by FIGURE 4, the resulting encoded bits (£} are then
addivonally processed by mterleaving the bits according to Equation (3} and applying

S

20 g binary to bipolar mapping, under which ™07 values are mapped 1o 1" and “17
values are mapped © -1, 1o produce the example covering vectors shown in the
table of FIGURE 4.

To lustrate how the second algorithm may be noplemented by base station 32

i particular embodiments, consider an example where base station 32 has scheduled
A Component Carrier 0, Component Carrier 1, and Component Carrier 3. In this case,

the set of kuown information bits would be {0, 0,00, 1= 10000}, Suppose the
actual feedback bit sequence generated by wireless teppinad 2045 {1, 1, 6, 1, 0, 1] for
the three scheduled component carriers, indicating that wireless terminal 20
successfully received assignments ov scheduling grants and the correspouding
34 scheduled transmissions for both amemas on CCO and for ope anterma on each of
CCY and CC3, The nonunal feedback bit sequence eacoded by wireless ternunal 20

wounld thes be {1, 1,0, 1, 0,0, 0, 1, 0, 0], In an embodiment using the example
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encoding scheme described above, wireless terminal 20 would then produce a
corresponding second-order Reed-Muller encoded codeword of |1, 0, 1, 06,0, 1, 6, 0,
001, L0 100,01, 1,00 1,000 0 1,100 0 1 0] and transoit the
codeword to hase station 32 as part of an uplink control message 72.
3 Base station 32 recetves the transmitted uplink control message 72 and may
then perform the interleaving described by Bquation 2 on the soft value sequence
corresponding to the feedback bits to generate a received vector, 8, 3,5, 8 ¥y
Suppose the received vector is given by S5, %, 5, 8,05, ,=-1.2, 02,409, 1.1, 04,
S04 1.6, 1O 12, -09, 211 L4, -1.3, 2.1, 09, 1.1, 0.5, -1.0, 1.0, 0.6, -0.9, 03, 1.4,
14 1.8, 8.7 -6, -04, 02 03, 1.3, -1.2, 1.3} because of imlerference and noise in the
wireless communication channel. In this example, {o,, 0,1 15 known to be {0,0} as the
fifth configured component carrier was not scheduded. Thus, only four hypotheses
need to be formed in Step 2 for [o,.0..0..0,1. Moreover, since {0,.0,] is known (o
be {0,0], the search subset for Step 3 is imited to A, with b {0, 1.2,3,4,5.6, 7}.

15 For the hypothesis o, 0., 0,0, 1={0.0,0,0], the vahwes of the covering vector
are all “1™ {as indicated in the table of FIGURE 4). Hence the modified received
vector &, 8% 8% L 8 15 identical fo the received vector S48, 8, 8500 Sy
The relevant Hadamard transformed values and thetr associated byt sequences are:

Positive Negative

20 Bo = 94 > 000000 or  100G0G

o
}

= D6 SI0000  or 110000

oy
t
i

=-106 = G000 or 101000

B3 = 49 > 911000 or 111000

=
iGN
}

=101 > 000108 or 100106
25 Ry = 49 .» MU0 o 1HHIOO
ht = 2.0 -» 01100 or 101160
HY = 94 911100 or 111100 {4

The mtermediate mformation bit sequence estsmate for the second order Reed-Muller

codesshence {1, 0,0, 1,0, 0.0, 0, (1, 0] and the intermediate metric 1s 10.1.
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For the hypothesis {o,, 0,00, 1=[0,1,0,0}, the modified received wvector

] r

Susd 8 8 e n ¥y s obtained from the received veotor 84, 5. 5,8, 8, by

fip the sigas of the 3,4, 3, 10, 11, 13, 14, 15, 18, 26, 21, 22, 23, 25, 27, 31-th values.

The velevant Hadamard transformed values and thely associated bit sequences are:

3 Bositive Negative
hy = 23 O0GOOG or TO0O06G
hl = 43 -» 10000 or  1IOHOO
h2 = 20 -» 001000 or 101000
h3 = 28 -» 011008 or 111000
14 hd = {4 0G100 or 100100
hs =-300 -» 16100 or 110100
hé = 03 -» 00100 or 101100
h7? = 38 -» GIT1H or  1HELOO
The mtermediste information bit sequence estimate for the second order Reed-Muller
15 codeishence !, 1,0, 1.0, 8,0, 1 4 0]and the intermediate mewic is 30.0.
For the Thvpothesis  [o,.0..0,0,1=110,00], the relevant Hadamard
gransformed valuwes and associated bit sequences ave:
Positive Negative
hy = Ry o> 400000 or 100000
20 By = 2.0 -» 1000 or FHOOO0

hy = 47 > HHO00 or 101000
hy = 7.1 -> 91000 or 111000
hy = 48 > 00100 or 100100
hs = 16 <> 16100 or 110100
25 hg = 8537 = Q01100 o iiog
LTG0 or 11HI00

i
o
o

]

7

h";‘

The mtermediate information bit sequence estimate for the second order Reed-Muller

code is hence {0, 0,0, 0, 0, &, 1, 0, €, 0 and the intermediate metric is 8.9,
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For the hypothesis o, 00,00 = (L1000}, the relevat Hadamard

transformed vatues and associated bt sequences are:
Positive Negpative
ht = [ - GOG000  or 100000
Bl o= 61 > §16000  or 110600
hZ = 99 > 0100 o 10G1GGG
h3 1000 or  THIOOO
hd = 0T > 00100 or 100100

i
<
e
.” .

hS = 34 > 10100 o IGO0
he = -10.0 - GO0L100 or 161100
R7 = 42 » S1HI00 or 111100

The mtermediate mformation bit sequence estimate for the second order Reed-Muller
codeis hence 1,0, 1,1, 0,0, 1, 1,0, ¢ and the mtermediate mewric is 10.0,

After eyeling through all four hypothesized sequences for [og,0;,00.0,] 0
this example, base statton 32 determines that the best metnic i3 30.0 and the best
miormation bil sequence estimate for the second-order Reed-Muller code 15 {1, 1, 6,
o0, G, 6, 1, 8, 0] Thnscarding from the bit sequence estimates feedback bitg
comvesponkhing 1o unscheduled  componemt camers {(Le, the known bis
{0,,04,0,,0, 1= }3.0.0.0]), base station 32 produces a final estimate for the feedback
bt sequence of {1, 1, 0, 1, 0, 1], which is consistent with the onginal feedback buts
sequence ransanited by wireless terminal 20,

For dus example, a brute-force ML decoder would require 32x2%:204%
operations. Using this second algorithm, particular embodiments of base station 32
are able to decode the received feedback bits with four siga-{lippings and four fast
Hadamard transforms for a total complexity of 768 operations.  Thus, particalar
embodiments of base station 32 can decode feedback bits in CA format uplink control
messages 72 using decodimg techniques with substantially reduced complexity.
FIGURE 5 shows a compartson of the operational complaxity of decoding using a
brute-force ML decoding technique o that achieved when the decoding technigques
described above are implemented in certain embodiments of mwobile compumication

systemn 10,
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Thus, particular embodiments of wobile commumicabion svstem 10 may
employ control sipnaling techniques with improved reliabilily andior decreased
overhead. Additionally, particular embodiments of mobile conununication system 10
may reduce the operational complexity of decoding certiin twpes of control signaiing.

5 As a resalt, certain embodiments of mobile communication system 1€ may provide
numercus operational benefits.  Nonethelsss, specific smbodiments of mobuls
contnwitcation system 10 may provide some, none, or all of these benefits.

FIGURE 6 s a block diagram sflustrating i greater detall contents of a
particular embodiment of a wireless terminal 20, As shown in FIGURE 6, the

14 Hlustrated embodiment of wireless ferminal 20 includes a processor 602, a memory
604, a transmitier 606, @ receiver 608, and an antenna 610,

Processor 602 may represent of inclode any form of processing component,
inchuding dedicated microprocessors, general-purpose compters, or other devices
capable of processing electronic information.  Examples of processor 602 include

13 field-programumable gate arays (FPGAS), programmable wmicroprocessors, digital
signal processors (DSPs), application-specific integrated cirawls {ASICs), and any
other suitable specific- or general-pmpose processors.  Although FIGURE &
lustrates, for the sake of stmplicity, an embodiment of wireless terminal 20 that
mchudes a single processor 602, wireless ternunal 20 may include any number of

20 processons 602 configured (o inleroperate 1n any appropriate maner.

Memaory 604 stores processor instructions, configuration imformation, power
control parmmeters, format definitions, andior any other data wiilized by wireless
ferpunal 20 during operation.  Memory 604 mayv comprise any collection and
arrangement of volatide or non-volatie, local or remote devices suitable for storng
23 data, such as random access memory (RAM), read only memory {ROM), mapnetic
storage, optical storage, or any other suitable type of data storage components.
Although shown as g single element in FIGURE ¢ memory 604 may include one or
more physical components local fo or remote from wireless terminal 20,

Antenma 610 represents any suitable conductor capable of receiving and
30 transnutting wireless signals. Transmitter 606 transats radiofrequency {RF) signals
over antenna 610, and receiver 0608 receives from amienna 610 RE certain sigoals
transontted by access network 30, Although the example embodiment in FIGURE 6

mchides certain mumbers and configurations of antennas, receivers, and transmitiers,
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alternative embodiments of wireless termingl 20 may nclade any suitable mumber of

these components.  Additionally, ransmidter 006, receiver 608, andfor antenna 610

may represent, m part or in whole, the smne physical components.  For example,

particular embodiments of wireless ternunal 20 inchude a transceiver representing
3 both transotter 606 and receiver 608,

FIGURE 7 s a flowchart ilustrating example operation of a particular
embodiment of wireless terminal 20 1 selecting a format for an uplink control
message 72 0 use n responding to scheduled transnussions transmitted by access
network 30, The steps illastrated in FIGURE 7 may be combined, modified, or

14 deleted where appropriate.  Addittonn] steps may also be added to the example
operation. Furthermore, the described steps may be performed w any suitable order.

In particular embodiments, wireless terminal 20 may be mformed of the
component carriers configured for within the cell 60 served by base statton 32, Thus,
i FIGURE 7, operation begins with wireless terminal 20 receiving, at step 700,

15 configuration mformation.  This confipuration formation identifies the primary
carrier configured for cell 60 and any secondary componeni camriers configured flor
cell 60, At step 702, wireless terminal 20 stores this configuration information for
tater use.

In this example, base station 32 transmits (o wireless terminal 20 one or more

20 dowshink control messages 76 scheduling component camriers for wse by wireless
terminal 200 As explained above with respect to FIGURE 2, this scheduled use may
involve receiving signals from base station 32 on the relevant component carmer or
fransmitting signals to base station 32 on the relevant component carrier. Base station

32 transmtis at least PCC downlink control message 70a scheduling wireless ternmunal

23 20 to recefve a downlink transmission on the primary component carrier. Base station

32 yoay also transmit one or more SCC dowalink control messages 70b-d scheduling

wireless terminal 1o receive a downhink transmission on secondary component
carriers.
At step 704, wireless terminal 20 beging receiving downlink control messages

30 70y from base station 32, At step 706, wireless terminal 20 deternunes whether any of

the successflly teceived downlink comirol messages 70 include scheduling
mformation scheduling wireless terminal 20 to receive o irmnsmission on a secondary

component carrier. In particular embodiments, wireless terminal 20 may use stored
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conliguration mformaton to deternune whether the scheduling taformation of each of
the vanous recerved downlink control messages 7€ 18 scheduling wireless terminal 20
on the primary component carmier or a secondary component carrier. Based on this
determination, wireless tenmoinal 20 then selects a formot for an uphink control
message 72, In pagticuday ewnbodiments, wireless termninal 20 selects from between a
first format ey, the CA format descriibed above) that carries separate feedback
nformation for each of the configured component carriers and g second format (e.g.,
the SC format described above) that carries feedback nformation for the primary
component carrier in cell 60, but does not Include separate feedback bits for any of the
secondary component Carriers.

For example, i particular embodinents, wireless terminad 20 selects the
second format (as shown at step TOR) if wireless terminal 20 has ondy received a
downlink control message 70 scheduling wireless terminal 20 to recetve a
transmission on the primary component carrier.  The second lormat only includes
feedback bits for a single component carrier {(specifically, the primary component
carrier).  However, if wireless terminal 20 bas received any downlink conirol
messages 70 schaduling wireless ternumal 20 to receive 3 tfransnussion on a secondary
carrier dunng the corresponding subframe, then wireless terminal 20 selects the first
format nstead (as shown at step 710). This fivst format permits wireless terminal 1o
provide feedback bits for mare than oie component carrier

After sending the one or more downlink control messages 70 containing the
scheduling information, base station 32 transmits the scheduled wansnussions on the
designailed component carriers. Al an appropriate point in tinee after wireless termyinal
2 was scheduled to receive these transmissions, wireless ferminal 20 provides base
station 32 feedback information indicating whether the scheduled transmissions were
successfully received. Thus, at step 712, wireless ferminal 20 generates an uplink
control message 72 based on the selected format.  This uphnk control message 72
includes feedback iformation (e.g, one or more HARQ feedback bis) associated
with at least one component carrier.  As noted above, this feedback information
indicates whether wirelass terminal 20 successfully received transmissions on the
refevant compnuent carrien(s) that were scheduled by any downlink control messages

70 successfully received by wiveless terminal 20, I wireless terminal 20 selected the
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first format, the penerated uphink control message 72 way mclude separate feedback
nformation for every component carrser configured for cell 68,

At step TI4, wireless terminal 20 transmits the generated uplink control

message 72 @ base station 320 In particular embodiments, when base station 32

5 schedules wireless terminal 20 (o receive ransmussions on secondary conmponent

carriers i addition to the primary compopent carrier bul only receives an uplink

control message 72 with feedback information fiw a single component carrier, base

station 32 is configured 1o recognize that the component carrier associated with the

feedback mfonmation is the primary component carrier and that wireless terminal 29

10 must act have received any of the control messages 74 scheduling secondary carriers
that base station 32 transmitled dwing the subframe. Thus, i particular
embodiments, base station 32 can correctly interpret the feedback mformation 1 the
uplink control message 72 despite the fact that the recetved downlink control message
70 may not include expheit feedback information for every component carrier on

15 which base station 32 scheduled wireless tevminal 20 to receive a transmission. The
operation of wireless terminal 20 may then conlinue ndefimsiely or end as shown in
FIGURE 7.

FIGURE 8§ is a flowchart Hlustrating example operation of a particular
embodiment of wireless termunal 20 1n determuning a ransnussion power fevel 1o use

20 m transnmiting an ophink conirol message 72 in response to scheduling mformation
transmitted by access network 30, The steps thustrated in FIGURE 8 may be
combined, modified, or deleted where appropriate.  Additional steps may also be
added to the example operation. Furthermore, the described sieps mayv be performed
m any suiiable order.

23 As explained above with respect to FIGURE 2, wireless terminal 20 may, in
particular embodiments, be informed of the component carniers configured for use
within cell 60, Accordingly, in FIGURE ¥, operation begins with wireless terminal
20 receiving, at step SGO, configuration information that ideniifies the primary carrier
configured for cell 60 and any secondary component carners configured for cell 6.

3¢ At step 802, wireless termunal 20 may store this configuration miormation for later
e,

In this example, base station 32 fransmits o wireless tenninal 20 one or move

downlink control messages 70 scheduling wireless terminal 20 to receive downlink
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fransmissions on component carviers. Base station 32 transnmts at least a PCC control
message Tla scheduding wireless terminal 20 1o recetve a ransmission on the primary
compenent carrier that contains a first power control parameter. Base station 32 may
also fransmit one or more SCC contral messages 70b~d scheduling wireless ternnngl
20 10 recerve transmdssions on secondary component camiers, These SCC dowalink
conirol messages 70b-d each contain power costrol parameters as well, etther a
second power control parameter or one of muitiple additional power control
parameters.

Al step 804, wireless terminal 20 begins receiving downlink control messages
70 from base station 32, At siep 806, wireless terminal 20 deternunes whether any of
the successfully received downlink contrel messages 70 inchude  scheduling
imformation scheduding the wireless termunal o recetve a ransnussion on a secondary
component carrier, H wireless terminal 20 delermines at step R06 that any of the
successiully received downlink control messages 70 tucludes scheduling mformation
scheduling wireless termuinal 20 0 receive g transmission on 4 secondary component
carrier, then operation will proceed {o siep 810, (therwise, at step BO8, wireless
ternunal 20 will determine a transmission power level based on the fivst power control
parameter nchided i PCC control message 70a (asswming the wireless terminal 20
successfully receives PCC control message 70a).

However, if wireless terminal 20 determines at step RO6 that wireless terminal
20 has successfully received at least one downlink control message 70 scheduling
wireless ternunal 20 to receive a transrission on a secondary component camier {i.e.,
one of SCC conlrol messages 70b-d3, wireless {erninal 20 determines 3 transmission
power level based on one or more of the power control parameters included i the
successfully received SCC control messages 70b-d. In panicular emboduments,
wireless terminal 20 may disvegard the power control parameter included i PCC
confrol message 70a, as shown at step 810, Instead, wireless terminal 20 determines,
ab step Ri2, the transmission power level based on the secondiadditional power
control parameters in the successfully received SCC control messages 70b-d. As
explained above, wireless terminal 20 may determine the transnussion power fevel by
gxlracting a commion power control parameter included in all of SCC conirod

messages 70b~d, sunwming a plurality of diffevent power control parameters included
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in the received SCC control messages 70b-d, or combimng power control parameters
from multiple received SCC control messages 70b-d in any appropriate manner,

At step #14, wireless terminal 20 generates an uplink control message 72
responding o downlink confrol messages 70, The gevnerated uphink control message
72 welodes feedback nformation {eg. . HARQ {eedback bits) associated with at least
onte component carrier.  This feedback information mdicates whether wireless
terminal 20 has received a scheduled ransmission on the gssociated carnier.  As
explained with respect to FIGURE 7, particular embodiments of wireless ternunal 20
may choose a format for this aplink control message 72 based on whether or not
wireless ternunal 20 successfully recerved any of SCC control messages 70b-d. Al
step 816, wireless terminal 20 transmils the generated uplink control message 72 to
base station 32 at the determined transmission power level.  Operation of wireless
terminal 20 may then continue indefintiely or end as shown in FIGURE 8,

FIGURE ¢ is a block diagram illustrating in greater detall the contents of a
particular embodiment of a network node 900 managing the transmission power of
wireless terminal 20 iy ansmitiing uphink control messages 72 and/or of decoding
uplink control messages 72 transmtted by wireless ternunal 240 Network node 900
may represent any suitable element of access network 30 capable of providing the
described functionality, such as base station 32 1n the embodiment lustrated by
FIGURE 1. As shown in FIGURE 9, the exampie embodiment of network node 900
includes a node processor 902, a node memory Y04, aud a conwnunication mierface
G0,

Node progessor 982 may represent or inclade any form of processing
component, including dedicated microprocessors, general-purpose compuiers, or other
forms of elecironic circuitry capable of processing electronic nformagtion.  Examples
of wnode processor 902 mclude field-programomable  gate awmays (FPGAs),
programmable microprocessors, digital signal processors (DSPs), application-specific
integrated circuits (ASICs), and any other suitable specific- or general-purpose
processors.  Although FIGURE 9 illustrates, for the sake of simplicity, an
embodiment of network pode 900 that includes a single node processor Y02, network
node Y00 may include any number of node processors 902 configured o nteropsrate

1 My appropuriate manner.
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Node memory M stores processor instructions, carrier configuwations, powey
parameters, and/or anyv other data uiiized by network node 904 during operation.
Node memory 204 may comprise any collection and arrangement of volatile or non-
volatile, local or remole devices suiiable for storing dsta, such as random access
menwory {(RAM), wmad only memory (ROM), magnetic storage, optical storage, or any
oiher suitable typs of data storage components.  Although showa as a single element
i FIGURE 9, node memaory 504 may include one or more physical components tocal
to or remote from network node 900,

Commusication imterface 906 comprises electronic circuitty and  other
components suitable to permil network node 900 {o communicate with wireless
termyinal 20, For example, in embodiments in which network node Q00 represemts a
node separate from the radio elements of access network 30 {eg., a radio network
congrollery compwmication interface 906 may represent cireutity  capable of
conumpncating over 4 wireling connection between network node 900 and the radio
elements of access network 30, In such embodiments, network node 400 may use
communication interface 906 to twansmit information to radio elemenis (such as base
stations 323 that are capable of communicating wirelessly with wirelzss terminal 20.
As an alternative example, in enmbodiments n which network node 900 stself
represents g vadio element (sach as an enhanced Node B {eNodeB) g Long Term
Evolution (LTE} system), conunumcation interface 906 may msiead mclude circaitry
and components capable of comnmuaicating with wireless terminal 20 over a radio
Hink, such as an antenna and radiofrequency transmitier and receiver.

FIGURE 19 1 a Howchart ilustrating example operation of a particular
embodiment of network node 900 in managing the irsnsmission power of wireless
termingt 20 in wansmitting uplink conirol messages 72 The steps illustrated
FIGURE 10 may be combined, modified, or deleted where appropriate.  Additional
steps may also be added 10 the example operation. Furthermore, the described steps
may be performed in any suitable order.

Operation begins in this example with network node 900 scheduling a wireless
terpunal to recetve downhink transmissions on component carriers in cell 60 during a
particular subframe at step 1060, For purposes of this example it is assumed that,

during the relevant subframe, network node 900 schedules wireless termuinal 20 to
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receive ransinissions on the primary component carmer and af least one of the
secondary carriers configured for cell 60,

In order to manage the amount of power wireless termiunal 20 will use m
confurming receipt of the downlink control messages 70, network node 900 may
3 determine, at step 1002, a first power control parameter for wiveless ternmnal 20 to use
m ransmitting uplink control messages m accordance with a first format that permits
wireless terminal 20 to communicate feedback mformation relating to only a single
component carrier (in this case, the primary component carmier for cell 603, Once the
first powwer contrel parameter has been generated, network node Y08 mav generate, at
1¢ step 1004, PCC control message 70a that includes the furst power control parameter
angd scheduhing miormation schedaling wiveless terminal 20 2 wansidssion on the

primary component camer during the subframe.
Because in this example network node 900 has schedaled wireless terniinal 20
o receive a franspussion on af least one secondary component carrier in addition to

15 the primary component carrier, network node 900 also determmnes one or more
additional power control parameters for the wireless terminal to use in ransmitting an
uplink control message 72 in accordance with a second format af step 1006, This
second aphink control message format pernnis wireless terminal 20 to communicate
feedback information relating to maltiple compovent carriers.

20 As noted above base station 32 may determine the one or move additonal
power control parameters in any appropriate manner depending on the configuration
and capabslities of base station 32, For example, i particulsr embodiments, base
station 32 may deternune a single power conirol parameter for use by wireless
terpunal 20 i responding to SCU control messages 70b-d scheduling transnussions

23 on secondary component carriers and may inclode this same power control parameter
i all SCC control messages 70h-d. Base station 32 may deternune this single power
conrol parameter based on the namber of component carriers configured for cell 60,
based on the pumber of component cartiers scheduled for wireless termingl in this
subframe, hased on the specific component carriers scheduled or configured (e.g.,

30 using a lookup table similar to those in FIGURES 3A-3D), andfor based on any other
appropriate factor or consideration. In alternative embodiments, base station 32 may
determine multiple different power control parameters, one for each secondary

component carrier on which wireless terminal 20 s scheduled to receive a
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transimission during the subframe.  In peneral, base station 32 may use any suitable
technique to deternune the one or more additional power control parameters.
After determuning the additional power control parameter(s), base station 32
generates one or more SCC control messages (e.g, SCC control messages 70b-d) at
3 step 1008, one for sach of the secondary component carriers on which base station 32
has scheduled wireless {ernunal 20 to recerved fransnussions during the relevant
subframe. The SCC control message(s) each include the additional power conirol
parameter or, if multiple are genemted, one of the additional power contrel
parameters. Base siation 32 then transnsits POC control message 703 and SCC control
14 messages 7Ob-d to wireless ternunal 20 af step 1010, Operation of base station 32
with respect to transmitting downlink control messages 70 mayv then terminale as
shown in FIGURE 10,
FIGURES 11 and 12 are flowcharts ifhustrating example operation of a
particular embodiment of network node 900 in decoding information sransmitted by
15 wireless terminal 200 In particodar, FIGURE 11 fHustrates an example in which
melwork node 900 mplements the frst algorithm described above on an uplink
control messaye 72 carrying six or fewer feedback bits, and FIGURE 12 illastrates an
example i which network node 900 implements the second alporithm described
above on an uplink control message 72 carrying more than six feedback bits. Certain
20 embodiments of natwork node 900 may bhe capable of implementing only one of the
algorthms, while other embodimenis may be capable of implementing both. In
particular embodiments, network node 200 may be configured to select an appropriate
algoriihm to use based on the number of component carriars currently configured for
use i cell 60, The steps ilustraied i FIGURES 11 and 12 may he combined,
23 modified, or deleted where gppropriate.  Additional steps may also be added to the
example operation.  Furthermore, the described steps may be performed i any
suitable order.
In FIGURE 11, operation begins with network node 900 ransmitting one or
more downlink control messages 70 to wireless ternunal 20 at step 1100, The
36 downlink control messages 70 include scheduling information scheduding wireless
ternunal 2¢ to receive fransmissions on a plorality of component carriers conflyured
for cell 60. Wireless terminal 20 receives the transoutted downlink control messages

os

70 and attempts 1o decode them. Because network node 900 and wiveless terminal 20
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conumnuicate over an imperfect channel, network node 900 may not receive some of

the ransmitled downlink control messages 70 at all or mav be unable to decode some

of these downlink control messages 70 because of corruption occurring during

transmuission.  As a result, wireless ternunal 20 will respond o downlink control

3 messages 70 by generating feedback imformation {eg, HARQD feedback bits in

embodiments implementing LTE} indicating the component carriers for which
wireless terminal 20 successfullv recetved scheduled pransnussions,

Wireless terminal 20 then encodes the unencoded feedback information. For

the example in FIGURE L1, it is assumed that the feedback information inchudes six

14 or less bits and that wireless terminal 20 encodes the f{eedback information using a
{irst-order Reed Muller code.  Aflter encoding the feedback nformation, wireless
ternunal 20 transmits the encoded feedback information to network node B0 as part
of an uplink control message 72 {e.g, as part of a UCT message on the PUCCH m
embodiments implementing LTE).

13 Network node 900 receives the gansmitted uplink control message 72, which
includes a vector of encoded information bits as shown at step 1102, This vector of
encoded information bils comprises an encoded representation of the feedback
mformation bits generated by wireless terminal 20, bt the signal strength of the
encoded bits may potentially have been deteriorated ag a vesull of transmission over

20 the radio channal beiween wireless terminal 20 and network node 900, As a result,
network node 900 atiempts o decode the encoded feedback information and to
deternune the original unencoded feedback information.  As part of this process,
nelwork node 900 generates a vecior of transform valaes by performung a Hadamard
Transform on the received vector at siep 1104,

24 Because network node 900 has the benefit of knowing which component
carriers network sode 900 scheduled wireless temmunal 20 on for the current subframe,
network node 900 can use this mformation to elinminate certain possibilities for the bit
combinations transmitted by wireless terminal 20, Thus, at step 1108, network node
908 wentifies a subset of the transform values based on scheduling information

3¢ associated with the wireless terminal 20. Each transform value reflects the tikelihood
that a fesdback information bii sequence associated with that franstorm value was the
original, unencoded mformation it sequence generated by wireless ferminal 20, By

bmiting analysis of transform values to only those transformn values associated with
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realistic candidates, particular embodiments of network node 900 can sigmficantly
reduce the processing resources used o determune the best estimale of the original
feedback information.

For example, m particulsr embodiments, network node 904 may store the
scheduling information ncleded 1o the vanous dowslink contrel messages 70
transmitted to wireless fernunal 200 This scheduhng information may melude an
indication of the component camiers on which wireless terminat 20 is scheduled o
recetve transmissions, information indicating whether wireless terminal s pernutted
to transaut schedeling requests during this subdrame, and’or any other appropriate
mformation pertaining to the iransmission resources wireless tenminal 20 is permitied
o use during the sublrame or the manner i which wireless terpinal 20 is permitied to
use such resources. Upon receiving the encoded feedback mformation, network node
B00 yses the stored scheduling information to determine on which component carriers
network node Y00 did not schedule wireless terminal 20 to recelve a transmission
cdring the relevant subframe.  Because network node 200 does not wansagt any
scheduling mnlormation to wireless terminal 20 for component carriers on whach
network node 900 did not schedule wireless terminal 20 fo recerve g transmission,
network node 900 can safely assume n particular embodiments that the origingl
feedback mformation generated by wireless ternunal 20 did not indicate receipt of
scheduling information for any such component camers. Based on this assumption,
network node 900 can form the subset by eliminating possible candidates for the
griginal, unencoded feedback information that would indicate wireless terminal 20 did
receive scheduling information for unscheduled component carriers.

At step HOR, network node 900 selects, {rom the subset of transform values,
one of the wansform values based on a2 magnitude of the selected wansform value.
Accordingly, network nede 900 oay then determuine an estimate of the onginal,
unencoded feedback information based on a bit sequence associated with the selected
ansform value at step 1110, For exaoyple, in particular embodiments, each
transfonmed valne in the vector of ransform values is assccinted with two potential
candidates for the original, vnencoded feedback miormation, and network node 900
selecis one of these candidates based on a sign (Fe, positive or negative) of the

transformed value.
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After decoding the original information bis, network node 900 may take
appropriate actions based on the decoded information. For instance, if the decoded
uformation indicates that wireless terminal 20 did not successfully receive a
transpussion  scheduled for certain corpponest camiers that network node 900
scheduled for witeless terminal 20, network node 900 may, depending on the
circumstances, decide lo re-schedule some or all of the downlink transnussions.. The
relevant downiink fransmissions may be selected based, in some mamner, on the
decoded feedback bits. Once network node 900 has completed decoding the original
mformation bits, eperation of network node 800 may end as indicated i FIGURE 11,

FIGURE 12 ilustrates example operation of an embodiment of network node
900 in winch network node 900 apphes g second dgorithin (o decode the veceived
feedback mformation. When the onginal, wmencoded feedback information ncludes
more than six bifs, it may be more efficient for network node %00 to apply a sinular
technique to that deseribad above for six bits of the encoded feedback information but
1o test hypotheses for the remaining bits.  Ag & result, FIGURE 12 illasirates an
example operation for an embodiment of network node 900 configured to do this.

Operation m this example bepins at step 1200 with network node 900
gransnniting one or more downlink confrol messages 70 o wireless termanal 20
Operation proceeds in 2 sintlar manner to that described gbove with network node
900 recetving an uphink confrol message 72 transnuited by wireless ternunal 20 that
contains a vector of encoded information bits at step 1202,

At step 1204, petwork node 900 determines a plurality of hypothesized
sequences corresponding to a first group of the wnencoded feedback bits. in particular
embodiments, the number of unencoded feedback b in this first group 18 equal o
the amount by which the original information bit sequence exceeds six bits. For
example, if the original, unencoded feedback information mchided ten bits, network
node 900 would determine every possible combination for the remaining bits—that s,
every possible 4-bit sequence. However, if neiwork nede 200 knows that certain
combinations are not possible based on the scheduling mformation originally
transnutted to wireless terminal 20, network node 900 may be able o eliminate
certain sequences. For example, if network node 900 did not schedule conmponent
carriers associated with the Onal two bits of the ten bits of feedback information,

network node 900 may be able to eliminate the 4-bit sequences that do not have zeros
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{ov the predetermined value indicating non-receipt) for the relevant bits as possible
candidates.

After determinmng the possible hypothesized sequences for the bits 1 the first

group, peitwork node 900 muitiplies the recerved vector by a covering veclor

5 assocrated with each possible hypothesized sequence to generate a modified recetved

vecior for each hypothesized seguence (of bits in the first group) ai step 1266, Al step

1208, network node 900 performs g Hadamard Transform on each of the modified

recetved vectors to obtamn a transformed vector associated with each possible

hypothesized sequence {of bits i the first group). Additionally, each of the transform

14 values 1s associated with one or more bit sequence estinates for the second group of
hits in the wnencoded feedback information. Thas second group inchudes the bit of the
mencoded feedback information that are not included i the frst group {for purposes
of this example, the second group includes the {irst six bits of the unencoded feedback
information}.

13 Network node 900 then identifies a subset of the transform values in all of the
transform vectors based on ibe known scheduling information for wireless terminal 20
al step 12100 In particular embodiments, network node 9406 may form the subgroup of
transformed values by eliminating those transformed values associated with estimates
{of the second groap of original informauen bits) that would indicate wireless

20 terminal received scheduling miformation for eomponest carriers og which netwark
node 900 did not schedule wireless terminal 20 to receive g (ransmission.  For
exanple, if the second group of bits mcluded information about Component Carrier 0,
Componant Carrter 1, and Component Carier 2, and network node 900 did ool
schedule wireless terminal 20 to receive any transmussions on Component Carrier |

23 this subframe, network node 900 would dentify the subgroup by eliminating from
consideration all transform values associated with estimates for the second group of
bits that would indicate that wireless terminal 20 received scheduling information for
Component Carrier 1,

Network node 900 then selects fom the identified subset of ransform values 2

34 transform valae based on a magnitude of the selected transform value af step 1212,
For sxample, in particular embodiments, exch transform value reflects the likslihood
that one of the associated bit sequence estimates correctly wdentifies the second group

of bits in the original feedback information. In such emboduments, network node 900
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sefects, from the sdentilied subset of transform values, the trsform value with the
greatest magnstude.  Network node 200 may do this by divectly dentifving the
transform value with the overall greatest magnitude. Alternatively, network node 900
may do this iteratively by identifving intermediate “best” values representing the
gansform value with the greatest magnitude for each transform vector and then
selecting the greatest from among the intermediate values for each transform vector.

Ag step 1214, network node 900 determuines an esiimate of the unencoded
feedback wformation. In particular embodiments, this estimate 35 formed from an
estimate of the first group of unencoded feedback bits and an estimate of the second
group of wnencoded feedback bits. The estiuate of the fust group of vnencoded
feedback bits is determuned based on the hypothesized sequence associated with the
modified vector that was used to generate the selected transform value. The estimaie
of the second group of unencoded feedback mformation (s a selected one of the bit
seguence estimates assoctated with the selected wansfonn value. For example. in
particular embodiments, each wansform value is associated with two bit sequence
estimates for the sevond group and network nmode 900 selects one of the two bl
sequence estimates based on a sign of the selected transform value.

After completing the decoding, network node 900 may take appropriate
actions based on the decoded informanon.  For example, depending on the
cireumstances, network node 904 may decide o relransmil certain downtink control
messages 70 selected in some manner based on the decoded wformation.  Operation
of vetwork node 200 may end with respect to decoding the received information as
indicated in FIGURE 12,

Although the present invention has been described with sevenal embodiments,
a myriad of changes, variations, alterations, wansformations, and modifications may
be suggesied 10 one skilled m the art, and 3t s ntended that the present mvention
encompass sach changes, vanations, alterations, transformations, and modifications ag

fall within the scope of the appended clatms.
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WHATIS CLAIMEDIS:
1. A method of operating a wireless communication fenminal (20) that is

capable of conumumicating with a base station {32) over a primary carrier and at least

ong secondary carnier, the method comprising:

5 receiving, at a wireless terminal (20), one or more downlink control wessages

{70} transmisted by a base statton {32}, wherain each downlink control message (70)
confaing scheduling wmitnnation scheduling the wireless terminal {20} 10 receive a

downlink transmission on either a primary carrier ov a secondary carrier during a first

sabframe;
G determidng, for each of the one or more downlink control messages (70),

whether that downlink control message (70} includes scheduling information
scheduling the wireless terminal (20) 1o receive a downlink transmission on the
primary carrier or a downlink fransmission on a secondary carrier;
selecting a format for an uplink control message (72} based on whether any of
13 the one or more downlink comtrol messages (760) mncludes scheduling information
scheduling the wirelesy lermunal (20} to receive a downlink fransmuission on a
secondary carrer;
senerating an uplink control message (72) based on the selected format,
wherein the uplink control message (723 includes feedback information associated
20 with at least one carrier, the feedback mformation indicating whether the wireless
terminal {20) has received a downlimk trapsmission scheduled for the associated
carvier; and

transnuiting the uphink control message (72) fo the base station {32).

23 2. The method of Clatm 1, wherein generating an uplink control message
(72} comprises generating an uplink control message (72) that mcludes a scheduling
request requesting that the wireless terminal {20} be scheduled {o transmit data to the

bsase siation {32}
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3. The method of Claim 1, wherein the base station {32) is confipured 1o
pernut comimatication with the wireless terminal (20) using the primary carrier and a
plurality of secondary carriers, and wherein selecting the format for the uplink control
message (72) comprises:

5 determaining that at least one of the downlink control messages (70} nchudes
scheduling miformation scheduling the wireless terminal (24} to receive a downlink
ransmission on a secondary camier; angd

in response to detenmining that at least one of the downlink control messages

(70 imohudes schedaling information scheduling the wireless ternuinal (20) to receive

14 a downhink transmission on a secondary carrier, selecting a first format for the uplink
control message (72), wherein the first format includes at least one feedback bit

associated with each of the configured caviers.

4. The method of Claim 1, wherenn:
15 the base stapon {32) 5 configured to permit comumunication with the wireless

ternunal (20} using the primary carrier and a plurality of secondary carniers;

recelving one or more downlink control messages (74) comprises receiving
only a single downlink control message (70) for the first subframe; and

selecting o format for ay uplink contvol message (723 comprises:

20 deternuning that the only received downhink control message (781}
inciudes scheduling information scheduling the wireless terminal (20) 1o
receive a downlink transmission on the primary carrier; snd

in response 1o determining thal the only recerved dowsnhink comtrol
message {70} includes scheduling mformation scheduling the wireless ternunal

24 {20} to receive a downhink fransmission on the primary carrier, selecting a
second format for the uplink control message {72), wherein the second format
incledes feedback mformation associated with the pnmary camier, but does
not include feedback miormation associated with any of the secondary

CaTiers,
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3. The method of Claim 1, further comprising:
receiving confipuration mformation for the base station {32), wherein the
configuration mformation identifies a prunary cartier assocated with the base station
{32y and identifies a plurality of secondary carriers associated with the base slation
5 (32); and
storing the configuration information af the wireless terpunal (20}, and
wherein determining whether g downldink conivel miessage {703 iclodes scheduling
information scheduling the wireless ternunal (20} to receive 8 downlhink transmission
on the primary cargier or a downlink transmission on a secondary carrier comprises
1¢ detenmining, based on the slored configuration information, whether scheduling
wmiormation cluded in the downlink control message (70 s associated with the

primary carrier or one of the secondary carriers.

6. The method of Claim 1, wherelnt veceiving ouwe or more downlink
13 control messages {70} ransmitted by a base station (32) comprises receiving one or

more Downlink Contrsl Information, DCL, messages transmitted by the base station
{32y over a Physical Downlink Controt CHannel, PDCCH; and
transmitting the uphnk conwrol message (72) comprises wansnntting an uplink
control informaton, UCT, message over a Physical Uplink Contro] CHannel, PUCCH.
20
7. A method of operating a wireless comnaunication ternunal that is
capable of comnunicating with a base station {32) over a primary carrier and at least
one secomdary carnier, the method comprising:
receiving, at a wireless terminal {20), one or more downlink control messages
25 {70y transmitied by a base station (32), wherein egch dowunlink control message (70}
contains scheduling information scheduling the wireless ternunal {20} to receive a
downlink fransmission on either a primary carmier or a secondary camer during a fivst
subframe and wherein each downlink contral message {703 contgins a power conirol
parameter;
34 determining, for sach of the one or more downlink control messages (703,
whether that downlink control message (70) includes scheduling information
scheduling the wireless terminal (20) 1o receive a downlink transmission on the

primary carrier or a downlink fransmission on a secondary carrier;
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determining a franshussion power level for an uplink control message (723
based on whether any of the one or more downhlnk control messages (74} includes
scheduling wformation scheduling the wireless terminal (20} to recaive a downhink
transmission on a secondary carrier;

5 generating an aplink control message (723, wherein the aplink control message
{72} includes feedback information associated with at least one carrier, the feedback
mformation indicating whether the wireless terminal (20} has received g downdink
ansmission scheduled for the associated carrier; and

fransmitiing the uplink contrel message (72) to the base station (32) at the

14 determined {rapsmission power level.

S The method of Claim 7, wherein generating an uplink control message
{72} comprises generating an uplink control message (72) that mweludes a schedulimg
request requesting that the wireless terminal {20} be scheduled to wansmit data to the

s bage station {333,

9. The method of Claim 7, wherein receiving the one or morz downlink
control messages {70) comprises;
receiving o frst downlink control message {7(4) scheduling the wireless
20 terminal (209 to recetve a downlimk tranzsussion on the primary carmer during the
first subframe, wherein the first downlink control message {70} includes a first power
control parameter; snd
receiving one oy more additional downlink control messages (70} scheduling
the wireless terminal (20) to receive downlink transmissions on secondary carriers
23 during the first subframe, wherein the one or more additiongl downhink control
messages (70} ciude one or more additional power control parameters; and wherein

determining the transmussion power level for the uplink control message (72)

comprises:
determining that at least one received downlink contrel message (70}
30 includes scheduling mformation scheduling the wireless {erminal (20) to

receive a downlink transmission on a secondary carrier during the first

sithframe; and
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i response fo determimng that at least one of the received downlink
contm! messages {76} includes scheduling mformation scheduling a downlink
{ransnussion on a secoidary carrier
disregarding the Hrst power condrol parameter; and
5 deternuning the ransmission power level for the uplind control

message {72) based on the one or more additional power control

parameters,
10, The method of Claim 9, wherein:
1¢ receiving the one or more additionsl downlink control messages (70}

comprises recetving a plurality of additional dewnhak control messages (703, wherein

the additional downlink coutrol messages (70) all include a second power control
parameter; and

determining the transmission power level for the uphink control message (72}

13 comprises determining the transmission power level based on the second power

contred parmmeter,

{1, The method of Claim 9, wherein:
receiving the one or more addiional downhink control messages (70}
20 comprises receiving a phuality of additional downbink control messages (70} that
mctude a plurahity of additional power control parameters; and
determiining the transmission power level for the uphink control message (72}
comprises deternming the ransmission power level based on a sum of the plavality of

additional power conirol parameters,

23
12 The method of Claim 9, wherein:
recelving the one or more additional downlink conirol messages (7
comprises receiving a phuwality of additional downlink control messages (70
cluding a plurality of additional power control parameters; and
34 determining the ransmission powsr level for the uplink control message (72}

comprises determining the ransmission power level based on a weightad sum of the

plurality of additional power conirol parsmeters.
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13 The method of Claim 7, wheren receiving one or more downlink
copirol messages {70} iransmitted by a base station (32) comprises receiving one orf
more Downlink Control Information, DCL messages tansmutted by the base station
{32 over a Physical Downlink Controf CHannel, PDCCH; and

5 gransmitiing the uplink control message (72) comprises ransnuitizg an uplink

contro} information, UCL, message over a Phvaieal Uplink Control CHannel, PUCCH.

4. A method of operating a network node in an access network, wherein
the access network is capable of commaunicating with a wireless terminal (20) over a
1¢ primary carrier and at least one secondary carrier, the method comprising:
scheduling a wireless terminal €20} {o recerwve downlink fransmissions on a
primary carrier and one or more secondary carniers,
deternuining a Arst power control parameter for the wireless ternunal (203 o
use i transmitting an uplink control message {72) in accordance with a first format;
15 penerating a first downlink control message (70) that inclades the first power
conirol parameter and scheduling information scheduling the wireless terminal {(20) to
receive g downlink transnussion on the primary carrier,
determining one or more additional power control parameters for the wireless
termngad (207 10 use in transnutting an oplink control message (72} in accordance with
20 a second format;
generating one or move additional downlink conirol messages (70} that include
the one or more additional power control paramelers and schedubng mformation
scheduling the wireless terminal (29) to recerve downhink ransmissions on secondary
carriers; and
23 fransmitiing the first downlink control messages (70) and the one or more

addivonal downlink control messages (70} to the wireless ferminal {20},

15. The method of Claim 14, wherein determining the one or more
additional power control parameters comprises:
3¢ determining a transmission powey level for the wireless terminal {20) {o ase in
transmtting an uphink message in accordance with the second format; and
caleufating a second power control parsmeter based on the transmission power

fevel
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16. The method of Claim {4, wherein determuning the ome or mwore
additional power coniro! parameters comprises;
determimng a transmission power level for the wireless terminal (203 to use m
transmuiiing an oplink message in accordapce with the second format; and
5 caloudating a second power control parameter by dividing the transmission
power level by a tofal nomber of camers on which the wireless terminal {20} 5

scheduled to recetve a dovwnlink fansmission.

17. The methed of Claim 14, wherein determining the one or miore
10 additional power confrol parameters comprises:

determining a transoussion power level for the wireless terminal (20) to use n
transmitting an uplink message in accordance with the second format; and
cateulating & plurality of additional power control parameters, wherein a sum
of the additional power control parameters 18 equal to the transnussion power level
13 and wherein each of the additionsl power control parameters is associgted wil a
patticular secondary carmter on which the wireless ternmnal {20) s scheduled to
receive a downbink transnussion during the first subframe, and wherein generating
one or more additional downlink control messages {70} comprises generating one or
more additional downhink control messages (7)) that each mclude scheduling
20 mformation schedaling the wireless terminal (20) to receive a downlink iransmission
on g secondary carrier and an additional power control parsmeter associated with the

respective secondary carrier.

18, The method of Clsim 14, wherem:
23 the network node 1 configured 1o pernit comnunication with the wireless

ternunal (20} using the primary camier and a plurality of secondary carmers, and
wherein;
scheduling the wireless terminal {20) comprises scheduling the wireless
terminal (20) to receive downlink transmisstons on the primary carrier and a subset of
34 the phaahity of secondary carriers; and
determining the one or more additicnal power contre! parameters comygwises

determiming a second power control parameter based on the subset of secondary
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carriers on which the wireless terminal (20) 35 schedaled o receive downdink

ansnHssions,

19 The method of Claim 14, wherein detenmiming the one or more
5 addivonal power countrol parameters for the wireless terminal (20) comprises

determining the one or more additional power control parameters based on whether
the wireless terminal (20) 1s configured to transmit a single feedback bt or more than
one feedback bit for each carnier for which the wireless ierminal (20) receives
scheduling information,
10
200 A wireless compmumication apparatas (203, compnsmy’
a receiver (60Y) operable to receive one or more downlink control messages
{70} wansmitted by a base station {32), wherein each downlink control message (70}
contains scheduling mibrmation scheduling the wireless terminal {20} to recave g
15 downlink wransnussion on etther a primary carvier or a secondary carrier during a first
sabframe;
a processor (602} operable to:
determune, for each of the oue or more downlink conwol messages
(703, whether that downhink control message (70) includes scheduling
20 mformation scheduling the wirelsss termunal {20} {0 receive a downdink
fransmussion on the primary carnier or a downlink {ransmission on a secondary
carrier;
select & format for an uplink control message (72) based on whether
any of the cne or more downlink conirol messages (70} includes scheduling
23 information scheduling the wireless terminal (20} 10 teceive a downlink
fransmission on a secondary carvier during the first subframe; and
generate an eplink control message (72} based on the selected format,
wherein the uplink control message (72) meludes feedback mformation
associated with at least one carier, the feedback information indicating
34 whether the wireless terminal (20) has recerved a downlnk transmmssion
scheduled for the associated carrier; and
a transmitier (606) operable fo ansimit the uplink control message (72) 1o the

Loc)

hase station {32}
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generate an uphink control message (72) by generating an uplink control message (72

that mcludes a scheduling request requesting that the wireless termunal (20} be

5 scheduled to wansmit data to the base station (32).
220 The apparvatus of Claim 26, wherein the processor {6027 is operable to

select the format for the uplink control message (72 by:
determining that at least one of the downlink control messages {70) includes
14 scheduling miormation scheduling the wireless terminal (20} to receive a downlink
trapsniission on a secondary carrier, and
in response to determining that at least one of the downlink control messages
{70} includes schedulmy information scheduling the wireless terminal (20} to receive
a downlink transmission on g secondary carrier, selecting g first format for the uplink
s comtrol message (72), wherein the fimst format includes at least one feedback bu
assoviated with each of a phushly of configured carmers on which the base station
(32} is configwred fo permil communication with the wireless terminal {209, wherein
the plurality of configured carriers includes the primary carrier and a plurality of

secondary carriers.

]

3. The apparatus of Clamm 240, wherem:
the receiver {608} is operable to receive one or move downlink control
messages {703 by recetving only a single downlink control messaze {70 for the first
subframe; and
23 the processor (602) is operable to select a format for an aphnk control
message (72) by:
deternunmy that the only received downlink control message (7
includes scheduling information scheduling the wireless termingl {2¢) o
receive a downlink transmission on the primary carrier; and
30 i response to determining thal the only received downhink control
message (70 includes scheduling information scheduling the wireless terminal
{20) to receive 8 downlink trapsiission on the primary carrier, selecting a

second format for the uplink control message (72), wherein the second format
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inciudes feedback nformation associated with the primary carmer, but does
not include feedback mformation assocaated with any of a plurality of
secondary  cammiers the hagse station (32) 15 configwred to use for

commumication with the wireless terminal {20).

24.  The apparatus of Clann 20, wherem:
the receiver (608} is further operable to receive conligurapon information
identifying a primary carmier associated with the base station (32) and a plurality of
secondary carriers associated with the base station {32}
10 the apparatus further comprises mentory operable (o store the configuration
mformation: and
the processor {602) is operable to determine whether a downlink control
message (70) includes scheduling mformation scheduling the wireless terminal (203 10
receive a downlink transnussion on the primary carrier or g downhink transmission on
13 a secondary carrier by deterntining, based on the stored configuration information,
whether scheduling nformation included in the downlink conlrol message (7)) is

associated with the primary carner or one of the secondary carriers.

25, The apparatus of Claim 20, wherein:
20 the recaiver (608) is operable to receive one or more downhnk control
messages (70) {ransmitted by a base station (32} by receiving one or more Downlink
Control Information, DCL, messages transmitted by the base stution (32) over n
Phyvsical Downlink Contrel CHannel, PDCCH,; and
the ransmitler (606) is operahle to transant the uplink control message {72) by
23 gransmifiing an uplink control informanon, UCL, message over & Physical Uplink
Control CHamel, PUCCH.

26, A wireless conununication apparatus (219, comprising,
a receiver (6UR) operable o receive one or more downlink control messages
34 (711 transmatted by a base station €32), wherein each downlink control message {700
comains scheduling mformation schedaling the wireless ternunal {20} o receive a

downlink transmission on either a pritmary carner or a secondary carnier during a Hrst
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subframe and wherein each downlink control message {70} containg a power control
parameter;
a processor (602} operable to:
determune, for each of the one or more downlink conirol messages
5 (703, whether that downlink control message (7O includes scheduling
mformation scheduling the wirelsss termunal {20} {0 receive a downlink
fransnussion on the primary carrier or a downlink transmission on a secondary
carrier;
determine a trapsmission power level for an uplink control message
g {72y based on whether any of the one or more downlink control messages {70}
inclades scheduling information schedabing the wireless terminal (20 1o
receive a downhink transmission on a secoudary carmier dummg the first
subframe; and
generate an uplink conirol message (72), wheretn the uplink comtrol
15 message (72) includes feedback informavon associated with at least one
carrier, the feedback informmtion indicating whether the wireless terminal {203
has received a downlink transmussion scheduled for the associated carrier; and
a fransmitter (606) operable o wansmit the uplink control message (72) o the

foci

base station (32} at the determined transmission power level

27. The apparatus of Claim 26, wherein the processor (6002} is operable to
generate an uplink control message (72) by generating an uphink contrel message (723
that icludes a scheduling request requesting that the wireless terminal 20} be

scheduled to transmii data (0 the base station (32),

28, The apparatus of Claim 26, wheremn the receiver {608} is operable o
receive the one or more downlink control messages (703 by:
receiving a fust downlink control message {7¢) schedaling the wireless
terminal (20) 1o receive a dowalink fransnussion on the primary carrier during the
30 first subframe, wherein the first downlink control message {70} includes a fisst power
condrai parameter; and
receiving one or more additional downbink control messages (70) scheduling

the wireless terminal (20) 1o receive downlink transmissions on secondary carriers
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chaving the first sublrame, wheremn the one or more additional downlink control
messages (70} mehude one or more additional power control parameters; and wherein
the processor (602) 15 operable fo deternune the transmission power Jevel for the
aplink condrod message (723 by:

5 determaining that af feast one received downlink control message (70) inchudes
scheduling miformation scheduling the wireless terminal (24} to receive a downlink
ransmission on 8 secondary camier during the {ivst subframe; and

in response fo deternuning that at least one of the received downlink control
messagss (70) includes scheduling mformation schedaling a downlink ransmission
G on a secondary carier;
disregarding the first power control parameter; and
determining the transmission power level for the uplink control

message {72} based on the one or more additional power control parameters,

13 29 The apparatus of Claim 28, wherein:
the recerver {608) 13 operable to receive the one or more additional dowsdink
control messages {70) by recetving a plurality of addisonal downlink control
messages (70), wherein the additional downlink control messages {703 all include a
second power control parameter; and
20 the processor (602} 1S operable to determine the transmission power level for
the uplink control message (72) by deternuning the fransmission power level based on

the second power control parameter,

3. The apparatus of Clawn 28, wherein:

23 the receiver {608} is operable o receive the one or more additional dowalink
conirol messages (70) by receiving a plarality of addiional downlink control
messages (79) that inclade o plurality of additional power control parameters; and

the processor {602) is operable to determine the transmission power level for
the aplink control message {72) by determining the transmission power level based on

3¢ a sum of the phurality of additional powes control parameters.

31, The appavatus of Claim 28, wherein:
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the recetver (608} is operable to receive the one or more additional downlink

controf messages (70) by receiving a plurality of additional downlink contrel
messages {70 that melude a plurality of additional power control parmneters: and

the processor (602) is operable fo deternune the transipission power level for

5 the uplink control message {721 by deterinining the transomssion power level based on

a weighied sum of the plurality of additional power control parameters.

32, The apparatus of Claim 26, wherein the recetver (608) 15 operable o

receive one or more downlink control messages {70} ransmitted by a base station (323

14 by recetving one or more Downlink Control Information, DCE, messages transmilted
by the base station {323 over a Phyvsical Downlink Control CHamnel, PDCCH; and

the ransmitter {606) is operable to transout the uplink control message {72} by

gransmifting an uplink contro!l mformation, UCT, message over a Physical Uplmk

Control CHannel, PUCCH.

33, A nebtwork node (960} for operation in an access network (303 m which

the access network (341} is capable of communicating with a wirgless termunal {20}
over a primary carrier and at least one secondary cartier, the node comprising
a processor (902} operable to:

20 schedile a wireless terminal (20} o recaive downlink transmissions on

a primary carrier and one or more secondary carriers;

determine a first power control parameter for the wireless terminal (20)
to wie in fransnuiting an uplink contro! message (723 in accordance with a first
format;

23 generate g first downhink control message (70} that inclodes the st
power control parameter and scheduling information scheduling the wireless
terminal {2 {0 receive 3 downlink transmission on the prinwary carrier;

determine one or more additional power control parameters for the
wireless terminal (20 to use in transmitting an uplink control message (72Y

34 accordance with a second format;

generate one or more additional downlink control messages (787 that

include the one or more additional power control pammeters and scheduling
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information scheduling the wireless ferminal (20) 1o receive downlink

{fransnuissions on secondary carviers; and

a transnutter (9063 operable to transmit the first downlink control messages
{70} and the one or move additional downdink control messages (70} 1o the wireless

3 terminal (20},

34, The network node of Claim 33, wherein the processor {902} is operable
to determine the one or more additional power control parsmeters by:
determining a transmission power level for the wireless terminal (20) to use in
10 ransnmiting an uplink message i accordance with the second format; and

cateudating o second power control parameter based on the transmission power

fevel.
35. The network node of Clabm 33, wherein the processor (302} is operable
15 to determine the one or move additional power control parameters by:

determining a transmussion power level for the wireless lerminal (24) {0 ase in
transouiting an uplink message in accordance with the second format; and

caloudating a second power control parameter by dividing the transmission
power level by g total number of camers on which the wireless terminal {20} 1§

20 scheduled to recetve downlink transmissions.

36, The network node of Clabm 33, wherein the processor (902} is operable
to determine the one or more additional power control parameters by:
determinting a ransmission powst level for the wireless terminal (20} {0 use in
23 gransmitiing an aplink message in accordance with the second format; and
calculating a plorality of additional power control parametiers, wherein a swn
of the additional power control parameters 5 equal to the fransnussion power level
and wherein each of the additional power control parameters is associated with a
particular secondary carrier on which the wireless termuinal (20) s scheduled 1o
30 recetve a downlink gransmission during the first subframe, and wherein genevating
one of niore additional downlink control messages {703 comyrises generaling ong or
more additional downhink control messages (70) that each include scheduling

nformation scheduling the wireless terminal 20} to receive a downlink transmission
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o & secondary carnier and an additionad power control parameter associated with the

respective sgcondary carsier,

37 The network node of Claim 33, whererm the pracessor (947} is operable
to:

schedule the wireless termunal (20) by scheduling the wireless terminal (20} to
recetve downbnk fransmissions on the primary carvier and a subset of a plurnality of
secondary carriers assoctated with the network node; and

determine the one or more additional power control parameiers by determining
a second power control parameter based on the subset of secondary carmriers on which

the wireless terminal (20) is scheduded to receive downlink transmissions.

38 The network node of Claim 33, wherein the processor (902} is operable
to determine the one or more additional power control parameters for the wireless
terminal (20) by determining the one or more additional power control parameters
based on whether the wireless ternunal (20) s confligured to transmit a simgle
feedback hit or more than one feedback bit for each carrier for which the wireless

ternunal (20) receives scheduling information.



