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(57) ABSTRACT

In one aspect thereof the exemplary embodiments provide a
method that includes, when in a time division duplex mode of
operation with a user equipment, allocating physical uplink
control channel resources by reserving physical uplink con-
trol channel resources with a granularity of one acknowledge/
negative acknowledge (ACK/NACK) bundle; and sending an
indication of the allocated physical uplink control channel
resources from a network access node to the user equipment.
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11A-1; WHEN IN A TIME DIVISION DUPLEX MODE OF
OPERATION WITH A USER EQUIPMENT, ALLOCATING
PHYSICAL UPLINK CONTROL CHANNEL RESOURCES BY
RESERVING PHYSICAL UPLINK CONTROL CHANNEL
RESOURGES WITH A GRANULARITY OF ONE
ACKNOWLEDGE / NEGATIVE ACKNOWLEDGE
{ACK/NACK) BUNDLE

kA
11B-1: SENDING AN INDICATION OF THE
ALLOCATED PHYSICAL UPLINK CONTROL
CHANNEL RESOURCES FROM A NETWORK ACCESS
NODE TG THE USER EQUIPMENT

FIGURE 11A
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11A-2: OBTAINING AT A USER EQUIPMENT AN
ALLOCATION OF A SINGLE PHYSICAL UPLINK CONTROL
CHANNEL FORMAT 1A/1B RESOURCE, WHERE PHYSICAL
UPLINK CONTROL CHANNEL RESOURCES ARE RESERVED
WITH A GRANULARITY OF ONE ACKNOWLEDGE /
NEGATIVE ACKNOW!EDGE (ACK/NACK) BUNDLE

11B-2: PERFORMING ACK/NACK BUNDLING ACROSS
SPATIAL CODEWORDS, WHERE ONE BUNDLED
ACK/NACK BIT PER RECEIVED COMPONENT
CARRIER/SUBFRAME IS GENERATED

11C-2: SELECTING A CONSTELLATION POINT FOR
TRANSMISSION ON THE UPLINK BASED ON A VALUE
OF A BUNDLED ACK/NACK BIT AND A VALUE OF A
DOWNLINK ASSIGNMENT INDEX OF A LAST
RECEIVED PHYSICAL DOWNLINK CONTROL CHANNEL
WITHIN AN ACK/NACK BUNDLE

FIGURE 11B
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11A-3: OBTAINING AT A USER EQUIPMENT AN
ALLOCATION OF A PLURALITY OF PHYSICAL UPLINK
CONTROL CHANNEL FORMAT 1A/18 RESGURCES,
WHERE PHYSICAL UPLINK CONTROL CHANNEL
RESOURCES ARE RESERVED WITH A GRANULARITY OF
ONE ACKNOWLEDGE { NEGATIVE ACKNOWLEDGE
{ACK/NACK) BUNDLE

y
11B-3: SELECTING ONE OF THE PLURALITY OF
PHYSICAL UPLINK CONTROL CHANNEL FORMAT
1A/1B RESQURCES TO SEND A BUNDLED ACK/NACK
RESULT BASED ON A VALUE OF A DOWNLINK
ASSIGNMENT [NDEX OF A LAST RECEIVED PHYSICAL
DOWNLINK CONTROL CHANNEL WITHIN AN
ACK/NACK BUNDLE

FIGURE 11C



US 2013/0182619 Al

ENHANCED PHYSICAL UPLINK CONTROL
CHANNEL FORMAT RESOURCE
ALLOCATION FOR TIME DIVISION DUPLEX
MODE

TECHNICAL FIELD

[0001] The exemplary and non-limiting embodiments of
this invention relate generally to wireless communication
systems, methods, devices and computer programs and, more
specifically, relate to resource allocation-related signaling
between a network access node and a user equipment, as well
as to uplink acknowledgement reporting techniques.

BACKGROUND

[0002] This section is intended to provide a background or
context to the invention that is recited in the claims. The
description herein may include concepts that could be pur-
sued, but are not necessarily ones that have been previously
conceived, implemented or described. Therefore, unless oth-
erwise indicated herein, what is described in this section is not
prior art to the description and claims in this application and
is not admitted to be prior art by inclusion in this section.
[0003] The following abbreviations that may be found in
the specification and/or the drawing figures are defined as
follows:

[0004] 3GPP third generation partnership project
[0005] ACK acknowledge

[0006] BS base station

[0007] BW bandwidth

[0008] CA carrier aggregation

[0009] CC component carrier

[0010] CCE control channel element

[0011] DAI downlink assignment index

[0012] DL downlink (eNB towards UE)

[0013] eNB E-UTRAN Node B (evolved Node B)
[0014] EPC evolved packet core

[0015] E-UTRAN evolved UTRAN (LTE)

[0016] FDMA frequency division multiple access
[0017] HSPA high speed packet access

[0018] IMTA international mobile telecommunications

association
[0019] ITU-R international telecommunication union-ra-
diocommunication sector

[0020] LTE long term evolution of UTRAN (E-UTRAN)
[0021] LTE-ALTE advanced

[0022] MAC medium access control (layer 2, [.2)

[0023] MM/MME mobility management/mobility man-

agement entity

[0024] NACK not (negative) acknowledge

[0025] NodeB base station

[0026] OFDMA orthogonal frequency division multiple
access

[0027] O&M operations and maintenance

[0028] PDCCH physical downlink control channel

[0029] PDCP packet data convergence protocol

[0030] PHY physical (layer 1, [.1)

[0031] PUCCH physical uplink control channel

[0032] PUSCH physical uplink shared channel

[0033] QPSK quadrature phase shift keying

[0034] Rel release

[0035] RLC radio link control

[0036] RRC radio resource control

[0037] RRM radio resource management
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[0038] SGW serving gateway
[0039] SC-FDMA single carrier, frequency division mul-
tiple access

[0040] TDD time division duplex

[0041] UE userequipment, such as a mobile station, mobile
node or mobile terminal

[0042] UL uplink (UE towards eNB)

[0043] UPE user plane entity

[0044] UTRAN universal terrestrial radio access network

[0045] One modern communication system is known as

evolved UTRAN (E-UTRAN, also referred to as UTRAN-
LTE or as E-UTRA). In this system the DL access technique
is OFDMA, and the UL access technique is SC-FDMA.
[0046] One specification of interest is 3GPP TS 36.300,
V8.11.0 (2009-12), “3rd Generation Partnership Project;
Technical Specification Group Radio Access Network;
Evolved Universal Terrestrial Radio Access (E-UTRA) and
Evolved Universal Terrestrial Access Network (EUTRAN);
Overall description; Stage 2 (Release 8),” incorporated by
reference herein in its entirety. This system may be referred to
for convenience as LTE Rel-8. In general, the set of specifi-
cations given generally as 3GPP TS 36.xyz (e.g., 36.211,
36.311,36.312, etc.) may be seen as describing the Release 8
LTE system. More recently, Release 9 versions of at least
some of these specifications have been published including
3GPP TS 36.300, V9.3.0 (2010-03).

[0047] FIG. 1A reproduces FIG. 4.1 of 3GPP TS 36.300
V8.11.0, and shows the overall architecture of the EUTRAN
system (Rel-8). Reference can also be made to FIG. 1B. The
E-UTRAN system includes eNBs, providing the E-UTRAN
user plane (PDCP/RLC/MAC/PHY) and control plane
(RRC) protocol terminations towards the UEs. The eNBs are
interconnected with each other by means of an X2 interface.
The eNBs are also connected by means of an S1 interface to
an EPC, more specifically to a MME by means ofa S1 MME
interface and to a S-GW by means of a S1 interface (MME/
S-GW 4). The S1 interface supports a many-to-many rela-
tionship between MMEs/S-GWs/UPEs and eNBs.

[0048] The eNB hosts the following functions:

functions for RRM: RRC, Radio Admission Control, Con-
nection Mobility Control, Dynamic allocation of resources to
UEs in both UL and DL (scheduling);

IP header compression and encryption of the user data
stream;

selection of a MME at UE attachment;

routing of User Plane data towards the EPC (MME/S-GW);
scheduling and transmission of paging messages (originated
from the MME);

scheduling and transmission of broadcast information (origi-
nated from the MME or O&M); and

a measurement and measurement reporting configuration for
mobility and scheduling.

[0049] Of particular interest herein are the further releases
of 3GPP LTE (e.g., LTE Rel-10) targeted towards future
IMTA systems, referred to herein for convenience simply as
LTE-Advanced (LTE-A). Reference in this regard may be
made to 3GPP TR 36.913,V9.0.0 (2009-12), 3rd Generation
Partnership Project; Technical Specification Group Radio
Access Network; Requirements for Further Advancements
for E-UTRA (LTE-Advanced) (Release 9). Reference can
also be made to 3GPP TR 36.912V9.3.0 (2010-06) Technical
Report 3rd Generation Partnership Project; Technical Speci-
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fication Group Radio Access Network; Feasibility study for
Further Advancements for E-UTRA (LTE-Advanced) (Re-
lease 9).

[0050] A goal of LTE-A is to provide significantly
enhanced services by means of higher data rates and lower
latency with reduced cost. LTE-A is directed toward extend-
ing and optimizing the 3GPP LTE Rel-8 radio access tech-
nologies to provide higher data rates at lower cost. LTE-A will
be a more optimized radio system fulfilling the ITU-R
requirements for IMT-Advanced while keeping the backward
compatibility with LTE Rel-8.

[0051] As is specified in 3GPP TR 36.913, LTE-A should
operate in spectrum allocations of different sizes, including
wider spectrum allocations than those of LTE Rel-8 (e.g., up
to 100 MHz) to achieve the peak data rate of 100 Mbit/s for
high mobility and 1 Gbit/s for low mobility. Ithas been agreed
that carrier aggregation is to be considered for LTE-A in order
to support bandwidths larger than 20 MHz. Carrier aggrega-
tion, where two or more component carriers (CCs) are aggre-
gated, is considered for LTE-A in order to support transmis-
sion bandwidths larger than 20 MHz. The carrier aggregation
could be contiguous or non-contiguous. This technique, as a
bandwidth extension, can provide significant gains in terms
of peak data rate and cell throughput as compared to non-
aggregated operation as in LTE Rel-8.

[0052] A terminal may simultaneously receive one or mul-
tiple component carriers depending on its capabilities, A
LTE-A terminal with reception capability beyond 20 MHz
can simultaneously receive transmissions on multiple com-
ponent carriers. A LTE Rel-8 terminal can receive transmis-
sions on a single component carrier only, provided that the
structure of the component carrier follows the Rel-8 specifi-
cations. Moreover, it is required that LTE-A should be back-
wards compatible with Rel-8 LTE in the sense that a Rel-8
LTE terminal should be operable in the LTE-A system, and
that a LTE-A terminal should be operable in a Rel-8 LTE
system.

[0053] FIG. 1C shows an example of the carrier aggrega-
tion, where M Rel-8 component carriers are combined
together to form MHRel-8 BW (e.g. 5 H 20 MHz=100 MHz
given M=5). Rel-8 terminals receive/transmit on one compo-
nent carrier, whereas LTE-A terminals may receive/transmit
on multiple component carriers simultaneously to achieve
higher (wider) bandwidths. It has been agreed that up to five
CCs can be aggregated in LTE-Advanced in both the FDD
and TDD systems.

[0054] FIG. 1D depicts the use of aggregate component
carriers in terms of the system bandwidth. In FIG. 1D, the
total system bandwidth is shown as 100 MHz (frequency). In
Case 1, a first case for LTE-A with aggregated component
carriers, all of this bandwidth is aggregated and used by a
single UE device. In case 2, the bandwidth is partially aggre-
gated into two 40 MHz groups, leaving a 20 MHz grouping.
This remaining bandwidth may be used, for example, by a
Release 8 LTE UE, which only requires 20 MHz. It should be
noted that the CA configuration is UE specific, which means
that that Rel-8 UEs can operate in each of the five carriers
shown. In Case 3 none of the CCs are aggregated and thus five
20 MHz components are available for use by five different
UEs.

[0055] 3GPPTS36.211V9.1.0(2010-03) Technical Speci-
fication 3rd Generation Partnership Project; Technical Speci-
fication Group Radio Access Network; Evolved Universal
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Terrestrial Radio Access (E-UTRA); Physical Channels and
Modulation (Release 9) describes in Section 5.4.1 the
PUCCH formats 1, 1a and 1b.

[0056] In LTE Rel-8 TDD the UE has the possibility to
report ACK/NACK feedback associated with multiple DL
subframes during one UL subframe. Hence, the ACK/NACK
resources corresponding to multiple DL subframes are
reserved on the corresponding UL subframe in an implicit
manner (i.e., based on the mapping between ACK/NACK
resources and the first CCE of the corresponding PDCCH).
Explicit PUCCH resource allocation is applied for a persis-
tently scheduled PDSCH.

[0057] For the LTE-Advanced system it has been agreed in
3GPP RAN1#58bis to support the mapping of ACK/NACK
resources on one UE-specific UL CC. For the LTE-Advanced
TDD system this implies that multiple ACK/NACK resources
(corresponding to multiple DL subframes in the time domain
and multiple (DL) CCs in the frequency domain) need to be
allocated on one UE-specific (UL) CC during a single UL
subframe.

[0058] This approach can be expected to increase PUCCH
resource allocation/consumption on the UE-specific UL CC.
From a resource consumption point of view it would be
desirable to provide an efficient PUCCH format la/lb
resource allocation for LTE-Advanced TDD.

SUMMARY

[0059] The foregoing and other problems are overcome,
and other advantages are realized, by the use ofthe exemplary
embodiments of this invention.

[0060] Inafirst aspect thereof'the exemplary embodiments
of'this invention provide a method that comprises, when in a
time division duplex mode of operation with a user equip-
ment, allocating physical uplink control channel resources by
reserving physical uplink control channel resources with a
granularity of one acknowledge/negative acknowledge
(ACK/NACK) bundle; and sending an indication of the allo-
cated physical uplink control channel resources from a net-
work access node to the user equipment.

[0061] In a further aspect thereof the exemplary embodi-
ments of this invention provide an apparatus that comprises a
processor and a memory including computer program code,
where the memory and computer program code are config-
ured to, with the processor, cause the apparatus at least to,
when in a time division duplex mode of operation with a user
equipment, allocate physical uplink control channel
resources by reserving physical uplink control channel
resources with a granularity of one acknowledge/negative
acknowledge (ACK/NACK) bundle; and send an indication
of the allocated physical uplink control channel resources
from a network access node to the user equipment.

[0062] In a further aspect thereof the exemplary embodi-
ments of this invention provide a method that comprises
obtaining at a user equipment an allocation of a single physi-
cal uplink control channel format la/lb resource, where
physical uplink control channel resources are reserved with a
granularity of one acknowledge/negative acknowledge
(ACK/NACK) bundle; performing ACK/NACK bundling
across spatial codewords, where one bundled ACK/NACK bit
per received component carrier/subframe is generated); and
selecting a constellation point for transmission on the uplink
based on a value of a bundled ACK/NACK bit and a value of
a downlink assignment index of a last received physical
downlink control channel within an ACK/NACK bundle.
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[0063] In a still further aspect therecof the exemplary
embodiments of this invention provide a method that com-
prises obtaining at a user equipment an allocation of a plural-
ity of physical uplink control channel format 1a/1b resources,
where physical uplink control channel resources are reserved
with a granularity of one acknowledge/negative acknowledge
(ACK/NACK) bundle; and selecting one of the plurality of
physical uplink control channel format la/1b resources to
send a bundled ACK/NACK result based on a value of a
downlink assignment index of a last received physical down-
link control channel within an ACK/NACK bundle.

BRIEF DESCRIPTION OF THE DRAWINGS

[0064] In the attached Drawing Figures:
[0065] FIG. 1A reproduces FIG. 4.1 of 3GPP TS 36.300,
and shows the overall architecture of the EUTRAN system.

[0066] FIG. 1B presents another view of the EUTRAN
system.
[0067] FIG.1C shows an example of carrier aggregation as

proposed for the LTE-A system.

[0068] FIG. 1D depicts the use of aggregate component
carriers in terms of system bandwidth.

[0069] FIG. 2 shows a simplified block diagram of various
electronic devices that are suitable for use in practicing the
exemplary embodiments of this invention.

[0070] FIG. 3 illustrates ACK/NACK full bundling.
[0071] FIG. 4 illustrates time domain and CC domain bun-
dling for ACK/NACK.

[0072] FIG. 5A shows a first embodiment of PUCCH for-
mat la/1b resource allocation for ACK/NACK full bundling.
[0073] FIG. 5B is table that illustrates constellation point
selection for the embodiment of FIG. SA.

[0074] FIG. 5C shows a second embodiment of PUCCH
format 1a/1b resource allocation for ACK/NACK full bun-
dling.

[0075] FIG. 6 illustrates a conventional CC and TDD sub-

frame grouping.

[0076] FIG. 7 illustrates an exemplary embodiment of a
DAI value encoding.

[0077] FIG. 8 illustrates another exemplary embodiment of
DAI value encoding.

[0078] FIG. 9 illustrates patterns used for ACK/NACK sig-
naling.
[0079] FIG. 10 illustrates in detail one of the ACK/NACK

signaling patterns of FIG. 9.

[0080] FIGS.11A,11B and 11C, collectively referred to as
FIG. 11, are each a logic flow diagram that illustrates the
operation of a method, and a result of execution of computer
program instructions embodied on a computer readable
medium, in accordance with the exemplary embodiments of
this invention.

DETAILED DESCRIPTION

[0081] The exemplary embodiments of this invention
relate, at least in part, to an LTE-Advanced wireless commu-
nication system which is expected to be implemented in
3GPP LTE Rel-10 (although the exemplary embodiments are
not limited to only LTE Rel-10). More specifically, the exem-
plary embodiments are directed to PUCCH format 1a/1b (i.e.,
ACK/NACK resource) allocation in the case of component
carrier (CC) aggregation in the TDD mode.
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[0082] Generally, TDD operation implies the use of single
carrier that is time multiplexed between transmissions from
the eNB to the UE and transmissions from the UE to the eNB.
[0083] The exemplary embodiments focus on PUCCH for-
mat la/1b resource allocation and provide an efficient alloca-
tion technique that is applicable to, but not limited to, the
LTE-Advanced TDD system.

[0084] As was noted above, in LTE Rel-8 the PUCCH
resource for ACK/NACK feedback corresponding to a
dynamically scheduled PDSCH is implicitly determined by
the first CCE of the corresponding PDCCH. In LTE-Ad-
vanced this type of implicit ACK/NACK resource reservation
scheme should be preserved at least for the case of the back-
ward compatible DL, CC paired with an UL CC. However,
reserving the dynamic ACK/NACK resource for all cross-
CCs in the same way as done for the paired DL CC will result
in an inefficient use of the PUCCH resource. This would
basically require reserving dynamic ACK/NACK resources
corresponding to all DL, CCs in each of the UL CCs.

[0085] Furthermore, for the LTE-Advanced TDD system
multiple ACK/NACK resources (corresponding to multiple
DL subframes in the time domain and multiple DL. CCs in the
frequency domain) need to be allocated on one UE-specific
(UL) CC during a single UL subframe. One can readily
observe that such “full implicit resource allocation”, as done
in Rel-8, will result in an unacceptable resource consumption
for the UE-specific CC.

[0086] It is pointed out that for the LTE-Advanced TDD
system the ACK/NACK bundling will remain an important
element, as in Rel-8 TDD, to ensure UL coverage. This will be
the case especially for ACK/NACK on PUCCH format 1a/1b.
[0087] As discussed in 3GPP TSG RAN WG1 Meeting
#60bis, R1-101886, Beijing, China, 12-16 Apr. 2010, Agenda
item: 6.2.4.1, Source: Nokia, Nokia Siemens Networks, Title:
“UL ACK/NACK Feedback in LTE-A TDD”, for ACK/
NACK feedback on PUCCH format 1a/1b in LTE-Advanced
TDD the following options are promising:

ACK/NACK full bundling, as shown in FIG. 3;
ACK/NACK partial bundling: CC domain bundling plus
channel selection, as shown in FIG. 4; and

ACK/NACK partial bundling: time domain bundling plus
channel selection, also as shown in FIG. 4.

[0088] Discussing now in greater detail the proposals made
in R1-101886, it is said that CA introduces additional degree
of freedom (compared to Rel-8 TDD) for PDCCH transmit-
ted in DL. A consequence of this is that more ACK/NACK
bits (e.g., up to 20 bits with 5 component carriers) need to be
supported during one uplink subframe. More specifically,
Rel-8 TDD supports at most 4 ACK/NACK bits (single com-
ponent carrier) and, thus, 4 bits times 5 CCs=20 bits. In
principle even more than 20 bits can be considered for certain
TDD configurations. There are many TDD-specific issues
which need to be taken into account with respect to ACK/
NACK signaling, including what is the container used for
multiple ACK/NACK bits, how to reduce the number of ACK/
NACK bits in coverage limited cases, and how to handle
PDCCH error cases.

[0089] For UL ACK/NACK feedback in LTE-A TDD, one
UL subframe may be associated with multiple PDSCH trans-
missions in:

multiple CCs in frequency domain (depending on UE=s CC
configuration), and

multiple DL subframes in time domain (depending on con-
figured TDD configuration).
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[0090] It can be noted that for TDD, DL/UL asymmetry in
the time-domain exists already in LTE Rel-8. Hence a set of
mechanisms have already been specified to support ACK/
NACK signaling corresponding to multiple DL subframes
during a single UL sub-frame.

[0091] More specifically, in Rel-8 TDD both the PUSCH
and PUCCH can carry ACK/NACK(s) corresponding to mul-
tiple DL subframes. The following modes have been speci-
fied.

ACK/NACK Bundling:

[0092] in this mode an “AND” operation is performed
across multiple ACK/NACK bits within a “bundling window”
per codeword, and will generate 1 or 2 bundled ACK/NACK
bits for feedback. Such a mode is useful for coverage-limited
UEs.

ACK/NACK Multiplexing:

[0093] in this mode an “AND” operation is performed
across spatial code words (i.e., ACK/NACK spatial bun-
dling), and ACK/NACK multiplexing is achieved via a chan-
nel selection method which allows an increase in DL through-
put as compared to only the use of ACK/NACK bundling.
[0094] The switching between these modes is UE-specific
and can be high-layer configured.

[0095] In Rel-8 TDD, so as to handle potential error cases
due to ACK/NACK bundling, the Downlink Assignment
Index (DAI) has been included into the UL grant and most of
the DL grants. Related DAI encoding methods have been
specified so as to balance error case handling, scheduling
flexibility and other requirements.

[0096] As is further noted in R1-101886, in consideration
of' the fact that all of these mechanisms have undergone care-
ful optimization during Rel-8 standardization, they can be
retained as feasible solutions to signal multi-ACK/NACK
feedback also in LTE-A. Hence, it is desirable that the exist-
ing mechanisms specified in Rel-8 TDD be reused as much as
possible in LTE-A.

[0097] One proposal in R1-101886 is thus that the ACK/
NACK feedback mechanisms specified in Rel-8 TDD should
be reused as much as possible in LTE-A.

[0098] In LTE-A TDD the component carrier dimension
increases the ACK/NACK payload compared to that of Rel-8
TDD. Hence, the PUCCH format 2 can be considered as an
additional container for the increased number of ACK/NACK
bits (in addition to PUCCH format 1a/1b and the PUSCH).
[0099] Based on the foregoing observations, it is further
stated in R1-101886 that the following ACK/NACK modes/
containers need to be considered in LTE-A TDD.

[0100] (A) As specified in Rel-8 TDD, PUCCH format
1a/1b could be used as the ACK/NACK container for small
and medium ACK/NACK payload cases in LTE-A TDD. The
following ACK/NACK feedback modes could be supported:

Full Bundling Mode:

[0101] As in Rel-8 TDD, it is mainly used for a small
number of ACK/NACK feedback bits.

[0102] AsinRel-8TDD, 1 or2 bundled ACK/NACK bits
will be generated via the “AND” operation across mul-
tiple ACK/NACKs.

[0103] InLTE-ATDD, such a mode will (still) be mean-
ingful for coverage-limited UEs and will serve as an
ACK/NACK {fallback mode.
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Channel Selection Mode:

[0104] As in Rel-8 TDD, it is mainly used for medium
number of ACK/NACK bits (e.g., up to 4 bits).

[0105] InLTE-ATDD, the channel selection mechanism
specified in Rel-8 TDD can be fully utilized.

[0106] In LTE-A TDD, further bundling may be needed
to fit the ACK/NACK payload with the multiplexing
capacity.

[0107] (B) In LTE-A TDD, PUCCH format 2 is a feasible
ACK/NACK container for large ACK/NACK payloads.
[0108] (C) In LTE-A TDD, the switching between above
modes could be UE-specific and higher-layer configured, as
in Rel-8 TDD.

[0109] Furthermore, for ACK/NACK feedback the concur-
rent transmission of multiple PUCCH channels will result in
a non-optimum cubic metric property, and thereby a signifi-
cant increase in power consumption at the UE. Hence, ACK/
NACK feedback should be based on a single PUCCH trans-
mission instead of a concurrent transmission of multiple
PUCCHE.

[0110] It is further proposed in R1-101886 that for LTE-A
TDD the PUCCH format 1a/1b, PUCCH format 2, and
PUSCH are considered as potential containers for ACK/
NACK feedback signaling, that both full bundling and chan-
nel selection modes need to be supported with PUCCH for-
mat la/lb, and ACK/NACK feedback should be based on a
single PUCCH transmission instead of concurrent transmis-
sion of multiple PUCCHs.

[0111] It is noted in R1-101886 that in Rel-8 TDD the
ACK/NACK bundling had been specified to maximize the
ACK/NACK coverage by means of spatial and time domain
bundling.

[0112] In LTE-A TDD, ACK/NACK bundling is still an
essential element for ACK/NACK feedback, especially when
taking the limited container capacity and potential increased
ACK/NACK overhead into account. Hence, the following
bundling modes (and their combinations) should be consid-
ered as candidates to reduce the ACK/NACK feedback over-
head in UL:

(A) Spatial Domain Bundling:

[0113] As in Rel-8 TDD, the “AND” operation is per-
formed across spatial code words and generates a
bundled ACK/NACK result.

[0114] From the ACK/NACK overhead perspective this
effectively compresses the ACK/NACK overhead from
the spatial domain.

[0115] From the DL throughput perspective the loss can
reduced.

(B) Time Domain Bundling:

[0116] In Rel-8 TDD this of bundling has already been
adopted for the “ACK/NACK bundling” mode,

[0117] In LTE-A TDD, time domain bundling can be
considered as well.

(C) CC Domain Bundling:

[0118] The “AND” operation is performed across mul-
tiple configured CCs to generate the bundled ACK/
NACK.
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[0119] From the ACK/NACK overhead perspective this
effectively compresses the ACK/NACK payload in the
CC domain.
[0120] The ACK/NACK CC domain bundling outper-

forms ACK/NACK time domain bundling in terms of

DL throughput, especially for cell-edge throughput.
[0121] Tt is further proposed in R1-101886 that in LTE-A
TDD spatial domain bundling, time domain bundling, and CC
domain bundling (and their combinations) can be utilized to
reduce ACK/NACK overhead. ACK/NACK CC domain bun-
dling can take priority from the DL throughput point of view.
[0122] InRel-8 TDD, and accompanied with ACK/NACK
bundling, the DAI approach has been included into DL/UL
grants and the encoding method had been specified to handle
potential error cases.
[0123] InLTE-ATDD the DAIis needed, as the DAI is still
the essential element for UL ACK/NACK feedback in LTE-A
TDD to handle related error cases due to DL grants missing
within the “bundling window” (i.e., same motivation as exists
in Rel-8 TDD). Further, in LTE-A TDD the “bundling win-
dow” may be extended to both the time domain and the CC
domain.
[0124] As to the bit-width of the DAI field, in Rel-8 TDD
the bit-width of DL/UL DAI is 2-bits. In LTE-A TDD a
similar DAI bit-width is preferred to avoid additional TDD-
specific overhead for most grants. Further, and with respect to
a DTX to ACK probability requirement, in Rel-8 TDD in the
case of ACK/NACK bundling a DTX to ACK error may occur
due to a missing DL grant. The target DTX to ACK probabil-
ity is set to be 1E-4. In Rel-10 TDD the same reliability level
can be targeted.
[0125] Having thus summarized what is stated in
R1-101886, it can be observed that for PUCCH format 1a/1b
transmission with ACK/NACK bundling reserving PUCCH
resources for each PDCCH is unnecessary since there will
only be one (or two) ACK/NACK bit(s) generated within each
bundling window. As a result only one PUCCH channel need
be used for ACK/NACK transmission. This observation
implies that a one-to-one mapping between PDCCH and
PUCCH format 1a/1b allocation (as in LTE Rel-8) will result
in excessive resource consumption, especially in a TDD sys-
tem configured into the ACK/NACK bundling mode.
[0126] The exemplary embodiments of this invention pro-
vide effective methods to overcome the PUCCH format 1a/1b
inefficiency allocation problem in the LTE-Advanced TDD
system.
[0127] Previously there have been several methods pro-
posed for ACK/NACK resource allocation/reservation in
LTE-Advanced. However, these methods have focused pri-
marily on the FDD system and not the TDD system.
[0128] One possible approach is to assume that the
dynamic ACK/NACK space consists of two parts:
(a) the conventional dynamic ACK/NACK space as defined in
LTE Rel-8; and
(b) a new dynamic cross-CC-ACK/NACK space.
[0129] In this approach it becomes possible to employ a
multiple-to-one mapping between CCEs and ACK/NACK
resources in the dynamic cross-CC PUCCH resource, which
could be configured by higher protocol layers. This may be
considered as a form of PUCCH format 1a/1b resource com-
pression.
[0130] In 3GPP TSG RAN WG1 Meeting #59bis,
R1-100243, Valencia, Spain, Jam 18-22, 2010, Source: Hua-
wei, Title: “UL ACK/NACK resource allocation for carrier
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aggregation”, it is stated that one can reserve M ACK/NACK
resources for a total of N CCEs, where M<N. This can be
considered for a linked but unpaired DL CC to reduce the
implicit ACK/NACK resource overhead. A similar proposal
was also made in 3GPP TSG RAN WG1 Meeting #59bis,
R1-100363, Valencia, Spain, 18-22 Jan. 2010, Source: Pana-
sonic, Title: “PUCCH resource allocation for carrier aggre-
gation”.

[0131] The above mentioned PUCCH format 1la/lb
resource compression (i.e., the multiple-to-one mapping
between CCEs and PUCCH resource) is achieved via both
implicit and explicit signaling, and may introduce additional
scheduling constraints in order to obtain more efficient
resource compression. This approach is not, however, opti-
mum for use in the LTE-Advanced TDD system. That is, in
the TDD system there is more freedom for ACK/NACK
resource mapping since there can be a mapping from multiple
CCs and multiple DL subframes to one UE-specific CC dur-
ing one UL subframe. In addition, and as was discussed
above, the ACK/NACK bundling operation provides a new
property for PUCCH format 1a/1b resource allocation that
can be utilized for efficient resource compression.

[0132] In accordance with the exemplary embodiments of
this invention there is provided an efficient technique to
accommodate PUCCH format 1a/1b resource allocation in
the LTE-Advanced TDD system supporting CA.

[0133] Before describing in further detail the exemplary
embodiments of'this invention, reference is made to FIG. 2 for
illustrating a simplified block diagram of various electronic
devices and apparatus that are suitable for use in practicing
the exemplary embodiments of this invention. In FIG. 2 a
wireless network 1 is adapted for communication over a wire-
less link 11 with an apparatus, such as a mobile communica-
tion device which may be referred to as a UE 10, via a network
access node, such as a Node B (base station), and more
specifically an eNB 12. The network 1 may include a network
control element (NCE) 14 that may include the MME/SGW
functionality shown in FIG. 1A, and which provides connec-
tivity with a further network, such as a telephone network
and/or a data communications network (e.g., the internet).
The UE 10 includes a controller, such as at least one computer
or a data processor (DP) 10A, at least one non-transitory
computer-readable memory medium embodied as a memory
(MEM) 10B that stores a program of computer instructions
(PROG) 10C, and at least one suitable radio frequency (RF)
transceiver 10D for bidirectional wireless communications
with the eNB 12 via one or more antennas. The eNB 12 also
includes a controller, such as at least one computer or a data
processor (DP) 12A, at least one computer-readable memory
medium embodied as a memory (MEM) 1213 that stores a
program of computer instructions (PROG) 12C, and at least
one suitable RF transceiver 12D for communication with the
UE 10 via one or more antennas (typically several when
multiple input/multiple output (MIMO) operation is in use).
The eNB 12 is coupled via a data/control path 13 to the NCE
14. The path 13 may be implemented as the S1 interface
shown in FIG. 1A. The eNB 12 may also be coupled to
another eNB via data/control path 15, which may be imple-
mented as the X2 interface shown in FIG. 1A.

[0134] For the purposes of describing the exemplary
embodiments of this invention the UE 10 may be assumed to
also include an ACK/NACK generation and transmission unit
or module or function 10E that operates in accordance with
the exemplary embodiments of'this invention, and the eNB 12
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includes a complementary ACK/NACK receiving and inter-
pretation unit or module or function 12E. The eNB 12 also
includes a PUCCH resource allocation unit or module or
function 12F that operates as described below.

[0135] At least one of the PROGs 10C and 12C is assumed
to include program instructions that, when executed by the
associated DP, enable the device to operate in accordance
with the exemplary embodiments of this invention, as will be
discussed below in greater detail. That is, the exemplary
embodiments of this invention may be implemented at least in
part by computer software executable by the DP 10A of the
UE 10 and/or by the DP 12A of the eNB 12, or by hardware,
or by acombination of software and hardware (and firmware).
For example, the ACK/NACK generation and transmission
unit or module or function 10E, the ACK/NACK receiving
and interpretation unit or module or function 12E and the
PUCCH resource allocation unit or module or function 12F
can each be embodied as hardware, or as executable code/
software stored in the memories 10B and 12B, or as a com-
bination of executable code/software and hardware (and firm-
ware).

[0136] In general, the various embodiments of the UE 10
can include, but are not limited to, cellular telephones, per-
sonal digital assistants (PDAs) having wireless communica-
tion capabilities, portable computers having wireless com-
munication capabilities, image capture devices such as digital
cameras having wireless communication capabilities, gam-
ing devices having wireless communication capabilities,
music storage and playback appliances having wireless com-
munication capabilities, Internet appliances permitting wire-
less Internet access and browsing, as well as portable units or
terminals that incorporate combinations of such functions.

[0137] Thecomputer-readable MEMs 10B and 12B may be
of any type suitable to the local technical environment and
may be implemented using any suitable data storage technol-
ogy, such as semiconductor based memory devices, random
access memory, read only memory, programmable read only
memory, flash memory, magnetic memory devices and sys-
tems, optical memory devices and systems, fixed memory and
removable memory. The DPs 10A and 12A may be of any
type suitable to the local technical environment, and may
include one or more of general purpose computers, special
purpose computers, microprocessors, digital signal proces-
sors (DSPs) and processors based on multi-core processor
architectures, as non-limiting examples.

[0138] Turning now to a more detailed description of the
exemplary embodiments of this invention, for PUCCH for-
mat la/lb resource allocation in LTE-Advanced TDD the
PUCCH format 1a/1b resources are reserved with the granu-
larity of one “ACK/NACK bundle”. An “ACK/NACK
bundle” can be interpreted to mean a set of TDD-subframe(s)
and component carrier(s) that are configured to form a subset
of ACK/NACK feedback to be sent in the UL as a response to
received data (PDSCH) in the DL. By “configured to form a
subset of ACK/NACK feedback™ what is meant is that the
configuration is, in a typical (and non-limiting) application:
made by the eNB 12, realized using RRC signaling between
the eNB 12 and the UE 10, and is semi-static by nature.

[0139] To generalize this concept, the number of PUCCH
format la/lb resources reserved for each “ACK/NACK
bundle” can be pre-defined or configured by a higher protocol
layer. The exact value can be different for different ACK/
NACK feedback/bundling schemes.
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[0140] For example, the total number of PUCCH format
la/1b resources allocated to a given UE 10 by PUCCH
resource allocation unit 12F depends on the adopted ACK/
NACK bundling scheme and the number of “ACK/NACK
bundles”. More specifically, the total number of PUCCH
format 1a/1b resources allocated to a given UE 10 scales with
the number of “ACK/NACK bundles”, which in turn depends
on a UE-specific configuration.

[0141] With respect to resource allocation, the positions of
PUCCH format 1a/1b resources allocated to a given UE 10
are derived in a predetermined manner based on implicit or
explicit resource allocation signaling (or a combination of
implicit and explicit resource allocation signaling).

[0142] Furthermore, the starting position of PUCCH for-
mat la/1b resources allocated to a given UE 10 is indicated
explicitly by means of RRC signaling, or alternatively is
indicated in an implicit manner by means of some other
UE-specific parameters (e.g., introducing a relationship
between ACK/NACK resources and the starting position of a
UE-specific search space).

[0143] The “UE-specific search space” corresponds to a
pre-defined set of control channel elements (CCE) available
to transmit PDCCH for a certain UE (there is a one-to-one
mapping between the first CCE and the PUCCH ACK/NACK
resource in LTE Rel-8). The entire CCE-space (from a single
UE perspective) is divided into (i) a common search space
(available to all UEs), (ii) a UE-specific search space (avail-
able to a given UE), and a search space which is not available
at all to the given UE.

[0144] With respect to the number of allocated PUCCH
format 1a/1b resources for different ACK/NACK bundling
schemes, several methods can be used to support “ACK/
NACK full bundling” and “ACK/NACK time-domain bun-
dling/CC-domain bundling plus channel selection™, as dis-
cussed in the above-referenced R1-101886.

[0145] For example, and for the case of ACK/NACK full
bundling (i.e., a single “ACK/NACK bundle”), the number of
allocated PUCCH format 1a/1b resources can be pre-defined
or higher-layer configured.

[0146] Referring to FIGS. 5A and 5B (discussed in further
detail below), in a first embodiment a single PUCCH format
1a/1b resource is allocated to a given UE 10 by the PUCCH
resource allocation unit 12F, and the bundled ACK/NACK
result is then sent by the ACK/NACK generator and transmit-
ter 10E via the allocated resource. Further, ACK/NACK bun-
dling across spatial codewords can be applied. Furthermore,
constellation point selection based on the value of the bundled
ACK/NACK bit and the DAI of the last received PDCCH
within the bundling window can be applied.

[0147] Inasecond embodiment (referring to FIG. 5C) mul-
tiple PUCCH format 1a/1b resources are allocated to a given
UE 10, and the resource selected to send the bundled ACK/
NACK result depends on the DAI value of the last received
PDCCH within the bundling window.

[0148] Further by example, and for the case of ACK/NACK
time-domain bundling and/or CC-domain bundling plus
channel selection, one PUCCH format 1a/1b resource is allo-
cated per “ACK/NACK bundle”. Therefore, the total number
of PUCCH format 1a/1b resources allocated to a given UE 10
depends on the number of configured “ACK/NACK bundles”.
[0149] Channel selection is performed among multiple
allocated PUCCH format 1a/l1b resources, and is used to
convey generated (bundled) ACK/NACK results.
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[0150] Described now are exemplary rules that can be used
for implicit resource allocation.

[0151] In the LTE-Advanced TDD system the position of
PUCCH format 1a/1b resources allocated to a given UE 10
are determined in a pre-defined manner as follows:

AUE,

‘parar

[0152] UE,,, is a UE-specific parameter, which is
decided by RRC signaling, or other UE-specific param-
eters (e.g., the start position of UE-specific search
space).

[0153] RA,,..=1,...,M, where M is the total number of
PUCCH format 1a/1b resources allocated to a given UE
10, and M corresponds to the number of ACK/NACK
bundles (which may be pre-defined or higher-layer con-

figured).

Rdjex), Where

[0154] As an exemplary implementation, f (UE,,,, RA,,-
dex can have the following form:
SUE R4 105)=(Npyc cartMUE, ,+RA 1, 4 )mOd
C, or
SUE R4 130)=Npyccert (M- UE,,, +RA 4 )mod
where “-” means a “multiply” operation, where “mod” is

modulo, and were N,z and C are values defined by the
PUCCH resource allocation unit 12F of the eNB 12.

[0155] For ACK/NACK full bundling one exemplary
implementation is such that (as shown in FIG. 5A):

[0156] a single PUCCH format 1a/1b resource is allo-
cated to a given UE 10.

[0157] ACK/NACK bundling across spatial codewords
is applied (one bundled ACK/NACK bit per received
CC/subframe is generated).

[0158] Constellation point selection based on the value
of the bundled ACK/NACK bit and the DAI of the last
received PDCCH within the bundling window is
applied, as shown in the table of FIG. 5B.

[0159] For ACK/NACK full bundling another exemplary
implementation is such that (as shown in FIG. 5C):

[0160] The number of allocated PUCCH format la/1b
resources to a given UE 10 is pre-defined or higher-layer
configured (denoted as M).

[0161] The resource used to send the bundled ACK/
NACK results depends on the DAI value of last received
PDCCH within the bundling window.

[0162] One implementation is (n mod M) PUCCH for-
mat la/1b resource is used to convey the bundled ACK/
NACK result, where n is the DAI value of the last
received PDCCH, and M is the total number of PUCCH
format 1a/lb resource allocated to the UE 10 by the
PUCCH resource allocation unit 12F of the eNB 12.

[0163] The DAI encoding principle depicted in FIGS. 5A
and 5C is explained in further detail in copending U.S. patent
application Ser. No. 12/497,434, filed Jul. 2, 2009, by the
same inventors of this patent application and entitled: “Sys-
tem and Method for ACK/NACK Feedback in TDD Commu-
nications”, referred to below as the “commonly owned appli-
cation”. The DAI encoding principle in accordance with the
commonly owned application will be briefly summarized
herein with reference to FIGS. 6-10.

[0164] In 3GPP TSG RAN WGI1 meeting #56bis,
R1-091526, Seoul, Korea, 23-27 Mar. 2009, Source: CATT,
“UL ACK/NACK transmission in LTE-A”, the concept of CC
grouping is described. A number of DL, component carriers
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and TDD subframes are arranged to form C groups; c1, c2,c3,
c4, in apredefined way. These C groups are then configured to
generate group-specific ACK/NACK/DTX information
based on up to M input bits per group. The group specific
ACK/NACK/DTX information is generated by means of bun-
dling or multiplexing of ACK/NACK bits corresponding to
different component carriers CCs, TDD subframes, and spa-
tial layers within the group. Regardless of the grouping shown
in FIG. 6, (UL/DL) resource allocation grants transmitted on
PDCCH corresponding to PDSCH(s) of different component
carriers and TDD subframes may be separately encoded.
[0165] FIG. 6 illustrates the grouping concept. On the com-
ponent carriers, C groups cl, ¢2, ¢3, and c4 are shown with
different shading, and the TDD subframes are shown running
left to right in the figure. NAK/ACK message information is
shown in different TDD subframes on the component carri-
ers, for the groups c1-c4, labeled N/A. Embodiments of the
invention in accordance with the commonly owned applica-
tion use this grouping concept as further detailed below.
[0166] Conventional approaches proposed do not contem-
plate the ACK/NACK signaling needed to support LTE-A.
Specifically, the prior art approaches do not provide the ACK/
NACK uplink signaling that takes into account the error case
handling needed for separate PDCCH UL and DL grants
when these dedicated resource allocation grants correspond
to different component carriers (CCs) and TDD subframes.
[0167] Embodiments of the invention in accordance with
the commonly owned application provide features which may
be used together to perform ACK/NACK signaling on
PUCCH for LTE-A systems while addressing the error cases.
In one embodiment, a novel DAI encoding is provided for the
aggregated CC case as used in LTE-A. In one embodiment
method, an intra-group encoding approach for DAl is used. In
an alternative embodiment method, an inter-group encoding
method for DAI is used. In both of these embodiments two
DAI bits are included in the PDCCH downlink grant. The use
of'the DAI encoding in the downlink grant enables the UE 10
and the eNB 12 to handle error cases related to the grouping
of ACK/NACK feedback signals corresponding to multiple
CCs and TDD subframes. These error cases occur when a
CC/TDD subframe specific PDCCH downlink grant alloca-
tion is not correctly received by the UE 10. Without the DAI
encoding of the invention in accordance with the commonly
owned application, the UE and eNB would not be able to
correctly handle these errors.

[0168] In another aspect of the invention in accordance
with the commonly owned application, embodiments provide
for arranging the ACK/NACK signal feedback on the
PUCCH on top of the configurable grouping. In one embodi-
ment scheme, a semi-static grouping is used. In an alternative
embodiment a dynamic grouping is used. The ACK/NACK
signals are then transmitted on the UL to report the results of
previous DL transmissions.

[0169] FIG. 7 presents in a simple diagram a method for
encoding the DAI in the “intra-group” embodiment method.
In this exemplary embodiment the DAI encoding is group
specific; that is, the DAI encoding begins again with each
group. In the embodiment a DAI counter is used where the
count is equal to the number of previous grants within the
group. For each group, the DAI counter is incremented from
0,1,...N,-1 where N, is the number of DL grants within the
i group. The DAI counter is numbered first in the frequency
domain and in the time domain for each group and the number
begins at 0.
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[0170] Equation 1 expresses the value of the DAI Counter.
DAICounter=0,1,2, .. . N-1; where N=number of DL

grants in the /th group (1).

[0171] The DAI Value is then obtained by applying a

modulo operation; here, MOD 4 is used.

[0172] Equation 2 provides an expression for this step:
DAIValue=DAICounter MOD 4 2)
[0173] FIG. 7 illustrates a non-limiting, exemplary case

example of the method in application. Here, there are 4 CCs
and 4 subframes divided into 4 groups. There are 2, 1, 1 and
2 DL grants in the 4 groups, respectively. The groups are
indicated as Group 1, Group 2, Group 3, and Group 4 by
shading in FIG. 7.

[0174] For the first group, the first DL, grant has no prede-
cessor so the count is 0. For the second DL grant in the first
group, the count is 1. In group 2, there is only 1 DL grant, so
itreceives a DAI count of 0. Similarly, in group 3, there is only
1 DL grant and it too receives a count of 0. In Group 4, the first
DL grant starts at count 0, and then the second DL grant
receives a DAI count of 1. Since the MOD 4 operation does
not change the count values in this example, the DAI Values
are shownas 0, 1 for Group 1, 0 for Group 2, 0 for Group 3 and
0, 1 for Group 4, respectively.

[0175] In an alternative embodiment method for DAI
encoding in accordance with the invention of the commonly
owned application, “inter-group” encoding is used. In this
approach the DAI counter starts at 0 and increments to the
total number of DL grants within the UE reception bandwidth
for the frequency domain and within the scheduling window
for the time domain. That is, the DAI counter is not reset for
each group. Thus, the DAI counter=0, 1,2 ... N-1, where N
is the total DL grants observed for all the groups. Equation 3
provides a simple expression. After the DAI count is deter-
mined, a MOD 4 operation is performed to obtain a DAI
value. Equation 4 provides this expression.

DAICounter=0,1,2 . .. N-1 Where N is the total num-
ber of DL grants (3).

DAIValue=DAICounter MOD 4 4

[0176] In FIG. 8, an example of the application of this
embodiment is shown for a non-limiting illustrative case. In
FIG. 8 four groups are again shown in the scheduling window,
with 4 component carriers and 4 TDD subframes. The groups
are indicated by shading Group 1, Group 2, Group 3, and
Group 4. The numerical values shown in some blocks repre-
sent the DAI value determined using the inter group method
embodiment, as follows.

[0177] For Group 1, there are two DL grants. For Group 2,
there is one downlink grant. For Group 3, there is one DL
grant and for Group 4, there are two DL grants. Thus, in this
illustrative case, there are a total of 6 DL grants. Using the
inter group method for the DAI counter, the counter will be
incremented from O . . . 5. Applying the DAI value method
step of using MOD 4, then the DAI values shown in FIG. 8 are
obtained, e.g. 0, 1 for Group 1; 2 for group 2, 3 for Group 3,
and 0, 1 for Group 4. These values are depicted in the appro-
priate CC/TDD subframe block of FIG. 8.

[0178] The DAI encoding schemes of the two alternative
embodiments are shown in FIGS. 7 and 8. Because the DAI
encoding schemes are still formed as DAI values of 2 bits,
there is no backwards compatibility problem with using sys-
tems compliant with LTE Rel-8 in TDD mode. The use of the
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embodiments of the invention in accordance with the com-
monly owned application is compatible with the use of Rel-8
equipment.

[0179] In another aspect of the embodiments of the inven-
tion in accordance with the commonly owned application,
methods are disclosed for providing the feedback of the ACK/
NACK information. Two alternate method embodiment
approaches are provided that address the trade-off between
system throughput (efficiency) and UL coverage in the
LTE-A system in TDD mode.

[0180] Inone method embodiment, semi-static grouping is
used to provide the ACK/NACK feedback. In this approach C
groups and M subgroups are defined by higher layer opera-
tions. This information may be transmitted to the UE as
control bits in an initialization message. This approach may
be used in conjunction with either the inter group or the intra
group DAI encoding scheme described above.

[0181] In an alternative method embodiment dynamic
grouping for ACK/NACK feedback may be used. In this
embodiment, C groups and M subgroups are formed accord-
ing to parameters C and M that are signaled to the UE by the
eNB. These parameters may be either cell-specific or UE-
specific. The group division between CCs and subframes may
be made in a pre-defined way. As one approach, which is
non-limiting, there may be C+ groups. Each C+ group con-
tains [N/C] consecutive ACK/NACK bits and C- groups,
each contains |N/C| consecutive ACK/NACK bits, where N
is the total number of DL grants observed at the UE 10 and
C+=Nmod C, and C_=C-C+. The operation [N/C] is a ceil-
ing operation; that is, [5/2]=3, for example. The operation
|N/C] is a floor operation; that is, | 5/2 |=2, for example.
[0182] Afterthe grouping has been configured, the UE may
transmit the ACK/NACK information according to the fol-
lowing steps:

[0183] Step#1: Within each subgroup, ACK/NACK bits are
first bundled in the spatial/CC/time domain to generate M
ACK/NACK feedback bits.

[0184] Step #2: A channel selection technique is applied to
carry M ACK/NACK feedback bits per group. In the alterna-
tive some other technique is used to carry M ACK/NACK
feedback bits per group.

[0185] Step #3: After the channel is selected, the UE trans-
mits ACK/NACK/DTX feedback corresponding to C parallel
groups, on the selected or predefined channels.

[0186] FIG. 9 illustrates various configurations 1-8 of pre-
defined grouping patterns that are combined with the embodi-
ment ACK/NACK signaling scheme for providing feedback
of the ACK/NACK information from the UE, on the PUCCH
for example. The shading indicates different groups and the
circle shape indicates the subgroups in which domain the
ACK/NACK bundling is applied. For example, for configu-
ration 7, 2 groups and 4 subgroups per group are configured.
Within each group four ACK/NACK/DTX feedback informa-
tion is generated via ACK/NACK bundling within each sub-
group. Then channel selection is performed within each
group to carry four ACK/NACK/DTX feedback signals.
Finally, all ACK/NACK/DTX feedback signals are sent via
parallel selected PUCCH format 1b channels.

[0187] FIG. 10 depicts in a more detailed view the pattern 5
of FIG. 9. In FIG. 10, DAI encoding for “inter group” was
applied. ACK/NACK bits corresponding to all of the
observed DL grants (observed by the UE 10) are arranged into
2 groups and 3 subgroups per group as shown in FIG. 10. Each
subgroup provides one ACK/NACK/DTX state indication by
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the use of ACK/NACK bundling. To transmit this informa-
tion, proper channel and QPSK constellation point selection
(or encoding scheme in general) is done within each group to
carry ACK/NACK feedback corresponding to 3 subgroups.
Finally, the ACK/NACK/DTX feedback information corre-
sponding to the 2 groups will be transmitted in parallel using
two PUCCH Format 1b channels, or using another encoding
scheme corresponding to 2 groups. The 2 arrows of FIG. 10
indicate an uplink transmission in parallel (contemporane-
ously in time) on the 2 channels.

[0188] Thereis a need for error handling when the UE does
not observe correctly all of the DL grants transmitted by the
eNB. There is a risk that the bundled ACK signal is generated
while the last N DL grants are missed at the same time. As an
example, consider a case where 10 DL assignments within
one “scheduling window” are scheduled, then the 2 bits for
the DAl values will be 0, 1,2, 3,0, 1, 2, 3, 0, 1, respectively.
If the UE only observes or receives the first 7 DL grants and
the last 3 are missed, then from the UE side, it will observe 7
DL grants with DAI values 0, 1, 2, 3, 0, 1, 2. Since the DAI
indexes are continuous in this example, the UE will not be
aware of the missed detection of the other 3 DL grants.
[0189] In this error case the uplink ACK/NACK bundled
signals transmitted do not correspond to the true ACK infor-
mation. The following method embodiments are provided as
embodiments of the invention in accordance with the com-
monly owned application that may be used to handle this error
situation, known as a “DTX to ACK” error situation.

[0190] First, as a simplifying case assumption, the most
likely case is that the last DL grant is missing. The possibility
of'the last N continuous DL grants missing is much lower, so
that case is not treated here.

[0191] In one embodiment, the UE indicates the last
received PDCCH DL grant explicitly by always using the
PUCCH resource corresponding to the last received DL
grant. This approach or implementation embodiment is suit-
able for at least the ORT (orthogonal resources transmission)
case for PUCCH diversity with multiple antennas. In this
signaling diversity approach, the UE will utilize PUCCH
diversity based on the usage of multiple PUCCH format 1a/1b
resources. In such a case, the UE can select the PUCCH
resource that corresponds to the last observed or received DL
grant, thus the eNB receiving the PUCCH knows which one is
the last received DL grant by the UE.

[0192] This approach or implementation embodiment is
also suitable for at least the SCTD (Single-carrier transmit
diversity) case for PUCCH diversity with multiple antennas.
SCTD is also referred to as the ORT scheme in 3GPP Ranl
discussions. In SCTD or ORT, diversity gain is achieved via
transmitting the same PUCCH information from multiple
antennas at the UE with orthogonal PUCCH resources. This
scheme is under consideration as one candidate transmit
diversity scheme for PUCCH channel in LTE-A. In such a
case, multiple orthogonal PUCCH channels are needed for
the multiple antennas. In this embodiment method for implic-
itly signaling the last received DL grant, the UE can select the
PUCCH resource that corresponds to the last observed or
received DL grant and use it as one PUCCH channel required
by ORT transmission. Upon receiving the PUCCH, the eNB
receiving the PUCCH knows which DL grant is the last
received DL grant by the UE. For example, in a non-limiting
illustration assume there are C=1 groups and the UE has 2
antennas, then in the ORT case, the UE can select the PUCCH
channel for one antenna according to the channel selection of

Jul. 18,2013

the M subgroups, while selecting the PUCCH channel for the
other antenna according to the last received DL grants.
[0193] Inanother alternative approach the UE indicates the
DAI value ‘V’ of the last received PDCCH within each group
implicitly, via a channel selection.

[0194] In this alternative approach, the UE makes a
PUCCH resource selection (that the UE is otherwise free to
select from any one of the PDCCH channels within the
selected subgroup) in a manner that indicates implicitly the
value V. On receiving the UL signals, the eNB will know
which is the last-observed DL grant at the UE side, and the
eNB and the UE will have a common understanding about the
status of the received DL grants.

[0195] To perform this selection, one subgroup is selected,
via channel selection, within each subgroup. For an illustra-
tive example, if the DAT ofthe last received DL grant is 2, then
the UE can select the third resource within the selected sub-
group to send the ACK/NACK results. In this way, the eNB
will know which DL grant is the last one the UE received
safely.

[0196] Thus, the embodiments of the invention in accor-
dance with the commonly owned application provide at least
two methods for performing DAI encoding, several methods
for providing ACK/NACK feedback, and methods for trans-
mitting the information. These embodiments may be used to
provide error handling and ACK/NACK support for LTE-A
systems using TDD and the aggregated CCs on the PUCCH
channels while remaining fully compatible with Release 8 of
the LTE standards, because for example, the DAI value
remains at two bits. Also, no “predication scheduling” is
required in the time domain, as the CC first “pure counter”
encoding of the DAI counter is used.

[0197] The methods described in accordance with the com-
monly owned application also provide a means to handle the
“last DL grant missing” in various alternative embodiments.
[0198] The methods described in accordance with the com-
monly owned application also provide embodiments for the
ACK/NACK feedback from the UE using either semi-static
grouping or dynamic grouping. The semi-static grouping is
determined at higher levels; the scheduler can then direct the
HE to use the appropriate pattern in order to improve ACK/
NACK feedback efficiency while considering traffic, signal
strength and quality, etc. In dynamic grouping, the pattern
used at the UE side is based on assignments each time to
further improve the ACK/NACK efficiency. However, the
dynamic approach may require DAI signaling in the UL mes-
sages, thus increasing the use of resources in the signaling
traffic and increasing the complexity of the UE.

[0199] It should be noted that the DAI encoding described
above with reference to FIGS. 6-10 represents but several
exemplary and non-limiting approaches for providing the
DAI encoding with respect to FIGS. 5A and 5C of the exem-
plary embodiments of this invention.

[0200] The use of the exemplary embodiments of this
invention provides a number of technical effects and advan-
tages.

[0201] Forexample, theuse of the exemplary embodiments
of this invention provides an increased PUCCH resource
efficiency by avoiding unnecessary PUCCH resource alloca-
tions. Further, the chance of resource collisions is reduced
and controllable by the eNB 12. Further, the signaling over-
head for resource allocation is reduced. In addition, the exem-
plary embodiments are compatible with channel selection
and ACK/NACK bundling modes, such as those discussed
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above with respect to R1-101886, as well with the full ACK/
NACK bundling mode discussed in R1-101886.

[0202] FIG. 11A is a logic flow diagram that illustrates the
operation of a method, and a result of execution of computer
program instructions, in accordance with the exemplary
embodiments of this invention. In accordance with these
exemplary embodiments a method performs, at Block 11A-1,
a step when in a time division duplex mode of operation with
a user equipment of allocating physical uplink control chan-
nel resources by reserving physical uplink control channel
resources with a granularity of one acknowledge/negative
acknowledge (ACK/NACK) bundle. In Block 11B-1 there is
astep of sending an indication of the allocated physical uplink
control channel resources from a network access node to the
user equipment.

[0203] FIG. 11Bis a logic flow diagram that illustrates the
operation of another method, and a result of execution of
computer program instructions, further in accordance with
the exemplary embodiments of this invention. In accordance
with these exemplary embodiments a method performs, at
Block 11A-2, a step of obtaining at a user equipment an
allocation of a single physical uplink control channel format
la/1b resource, where physical uplink control channel
resources are reserved with a granularity of one acknowledge/
negative acknowledge (ACK/NACK) bundle. At Block
11B-2 there is a step of performing ACK/NACK bundling
across spatial codewords, where one bundled ACK/NACK bit
per received component carrier/subframe is generated. At
Block 11C-2 there is a step of selecting a constellation point
for transmission on the uplink based on a value of a bundled
ACK/NACK bit and a value of a downlink assignment index
of'alastreceived physical downlink control channel within an
ACK/NACK bundle.

[0204] FIG.11C is a logic flow diagram that illustrates the
operation of a further method, and a result of execution of
computer program instructions, also in accordance with the
exemplary embodiments of'this invention. In accordance with
these exemplary embodiments a method performs, at Block
11A-3, astep of obtaining at a user equipment an allocation of
a plurality of physical uplink control channel format 1a/1b
resources, where physical uplink control channel resources
are reserved with a granularity of one acknowledge/negative
acknowledge (ACK/NACK) bundle. At Block 11B-3 there is
a step of selecting one of the plurality of physical uplink
control channel format 1a/lb resources to send a bundled
ACK/NACK result based on a value of a downlink assign-
ment index of a last received physical downlink control chan-
nel within an ACK/NACK bundle.

[0205] The various blocks shown in FIG. 11 may be viewed
as method steps, and/or as operations that result from opera-
tion of computer program code, and/or as a plurality of
coupled logic circuit elements constructed to carry out the
associated function(s).

[0206] The exemplary embodiments also encompass appa-
ratus of a type having at least one processor and memory
including computer program code, where the memory and
computer program code are configured to, with the processor,
cause the apparatus at least to, when in a time division duplex
mode of operation with a user equipment, allocate physical
uplink control channel resources by reserving physical uplink
control channel resources with a granularity of one acknowl-
edge/negative acknowledge (ACK/NACK) bundle; and send
an indication of the allocated physical uplink control channel
resources from a network access node to the user equipment.
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[0207] The exemplary embodiments also encompass appa-
ratus that comprises means, responsive to operation in a time
division duplex mode of operation with a user equipment, for
allocating physical uplink control channel resources by
reserving physical uplink control channel resources with a
granularity of one acknowledge/negative acknowledge
(ACK/NACK) bundle; and means for sending an indication
of the allocated physical uplink control channel resources
from a network access node to the user equipment.

[0208] The exemplary embodiments also encompass appa-
ratus of a type having at least one processor and memory
including computer program code, where the memory and
computer program code are configured to, with the processor,
cause the apparatus at least to obtain at a user equipment an
allocation of a single physical uplink control channel format
la/1b resource, where physical uplink control channel
resources are reserved with a granularity of one acknowledge/
negative acknowledge (ACK/NACK) bundle; to perform
ACK/NACK bundling across spatial codewords, where one
bundled ACK/NACK bit per received component carriet/sub-
frame is generated); and to select a constellation point for
transmission on the uplink based on a value of a bundled
ACK/NACK bit and a value of a downlink assignment index
of'alastreceived physical downlink control channel within an
ACK/NACK bundle.

[0209] The exemplary embodiments also encompass appa-
ratus that comprises means for obtaining at a user equipment
an allocation of a single physical uplink control channel for-
mat la/lb resource, where physical uplink control channel
resources are reserved with a granularity of one acknowledge/
negative acknowledge (ACK/NACK) bundle, means for per-
forming ACK/NACK bundling across spatial codewords,
where one bundled ACK/NACK bit per received component
carrier/subframe is generated); and means for selecting a
constellation point for transmission on the uplink based on a
value of a bundled ACK/NACK bit and a value of a downlink
assignment index of a last received physical downlink control
channel within an ACK/NACK bundle.

[0210] The exemplary embodiments also encompass appa-
ratus of a type having at least one processor and memory
including computer program code, where the memory and
computer program code are configured to, with the processor,
cause the apparatus at least to obtain at a user equipment an
allocation of a plurality of physical uplink control channel
format 1a/1b resources, where physical uplink control chan-
nel resources are reserved with a granularity of one acknowl-
edge/negative acknowledge (ACK/NACK) bundle; and select
one of the plurality of physical uplink control channel format
1la/1b resources to send a bundled ACK/NACK result based
on a value of a downlink assignment index of a last received
physical downlink control channel within an ACK/NACK
bundle.

[0211] The exemplary embodiments also encompass appa-
ratus that comprises means for obtaining at a user equipment
an allocation of a plurality of physical uplink control channel
format 1a/1b resources, where physical uplink control chan-
nel resources are reserved with a granularity of one acknowl-
edge/negative acknowledge (ACK/NACK) bundle; and
means for selecting one of the plurality of physical uplink
control channel format 1a/1b resources to send a bundled
ACK/NACK result based on a value of a downlink assign-
ment index of a last received physical downlink control chan-
nel within an ACK/NACK bundle.
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[0212] In general, the various exemplary embodiments
may be implemented in hardware or special purpose circuits,
software, logic or any combination thereof. For example,
some aspects may be implemented in hardware, while other
aspects may be implemented in firmware or software which
may be executed by a controller, microprocessor or other
computing device, although the invention is not limited
thereto. While various aspects of the exemplary embodiments
of this invention may be illustrated and described as block
diagrams, flow charts, or using some other pictorial represen-
tation, it is well understood that these blocks, apparatus,
systems, techniques or methods described herein may be
implemented in, as non-limiting examples, hardware, soft-
ware, firmware, special purpose circuits or logic, general
purpose hardware or controller or other computing devices,
or some combination thereof.

[0213] It should thus be appreciated that at least some
aspects of the exemplary embodiments of the inventions may
be practiced in various components such as integrated circuit
chips and modules, and that the exemplary embodiments of
this invention may be realized in an apparatus that is embod-
ied as an integrated circuit. The integrated circuit, or circuits,
may comprise circuitry (as well as possibly firmware) for
embodying at least one or more of a data processor or data
processors, a digital signal processor or processors, baseband
circuitry and radio frequency circuitry that are configurable
s0 as to operate in accordance with the exemplary embodi-
ments of this invention.

[0214] Various modifications and adaptations to the fore-
going exemplary embodiments of'this invention may become
apparent to those skilled in the relevant arts in view of the
foregoing description, when read in conjunction with the
accompanying drawings. However, any and all modifications
will still fall within the scope of the non-limiting and exem-
plary embodiments of this invention.

[0215] For example, while the exemplary embodiments
have been described above in the context of the (UTRAN-
LTE-A) system, it should be appreciated that the exemplary
embodiments of this invention are not limited for use with
only this one particular type of wireless communication sys-
tem, and that they may be used to advantage in other wireless
communication systems.

[0216] It should be noted that the terms “connected,”
“coupled,” or any variant thereof, mean any connection or
coupling, either direct or indirect, between two or more ele-
ments, and may encompass the presence of one or more
intermediate elements between two elements that are “con-
nected” or “coupled” together. The coupling or connection
between the elements can be physical, logical, or a combina-
tion thereof. As employed herein two elements may be con-
sidered to be “connected” or “coupled” together by the use of
one or more wires, cables and/or printed electrical connec-
tions, as well as by the use of electromagnetic energy, such as
electromagnetic energy having wavelengths in the radio fre-
quency region, the microwave region and the optical (both
visible and invisible) region, as several non-limiting and non-
exhaustive examples.

[0217] Further, the various names used for the described
parameters, information elements and other concepts (e.g.,
ACK/NACK bundling, DAI etc.) are not intended to be lim-
iting in any respect, as these various parameters, information
elements and concepts may be identified by any suitable
names. Further, the formulas, equations and expressions that
are used in a particular application may differ from those
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expressly disclosed herein. Further, the various names
assigned to different channels and channel types (e.g.,
PDCCH, PUCCH, PUCCH format la/lb, etc.) are not
intended to be limiting in any respect, as these various chan-
nels and channel types may be identified by any suitable
names.

[0218] Furthermore, some of the features of the various
non-limiting and exemplary embodiments of this invention
may be used to advantage without the corresponding use of
other features. As such, the foregoing description should be
considered as merely illustrative of the principles, teachings
and exemplary embodiments of this invention, and not in
limitation thereof.

1. A method, comprising:

when in a time division duplex mode of operation with a
user equipment, allocating physical uplink control chan-
nel resources by reserving physical uplink control chan-
nel resources with a granularity of one acknowledge/
negative acknowledge (ACK/NACK) bundle; and

sending an indication of the allocated physical uplink con-
trol channel resources from a network access node to the
user equipment.

2. The method of claim 1, where the physical uplink control
channel resources are format la/lb resources that are
reserved for each ACK/NACK bundle and are at least one of
pre-defined and configured.

3. The method of claim 1, where the ACK/NACK bundle
comprises a set of time division duplex subframe(s) and com-
ponent carrier(s) that are configured to form a subset of ACK/
NACK feedback to be sent by the user equipment in the
uplink as a response to received data in the downlink.

4. The method as in claim 1, where a single physical uplink
control channel format 1a/1b resource is allocated to a given
user equipment, where a set of time division duplex sub-
frames(s) and component carrier(s) are configured to form a
single ACK/NACK bundle.

5. The method of claim 4, where constellation point selec-
tion is based on a value of a bundled ACK/NACK bit and a
value of'a downlink assignment index of a last received physi-
cal downlink control channel within an ACK/NACK bundle.

6. The method as in claim 1, where a plurality of physical
uplink control channel format 1a/1b resources are allocated to
a given user equipment, where a set of time division duplex
subframes(s) and component carrier(s) are configured to at
least one ACK/NACK bundle.

7. The method of claim 6, where one of the plurality of
physical uplink control channel format 1a/1b resources is
selected to send the bundled ACK/NACK based on a value of
a downlink assignment index of a last received physical
downlink control channel within an ACK/NACK bundle.

8. The method as in claim 1, where for at least one of
ACK/NACK time domain bundling and component carrier
domain bundling with channel selection, at least one physical
uplink control channel format 1a/1b resource is allocated per
ACK/NACK bundle such that a total number of physical
uplink control channel format 1a/1b resources allocated to the
user equipment depends on the number of configured ACK/
NACK bundles of the user equipment, and where channel
selection is performed amongst a plurality of allocated physi-
cal uplink control channel resources and is used to convey
bundled ACK/NACK results.
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9. The method of claim 1, where a position of physical
uplink control channel format 1a/1b resources allocated to a
given user equipment (UE) is determined in accordance with:

AUE,

paraRAinges), Where

UE,,,,., is a UB-specific parameter; and
index—Ls - - - » M, where M is a total number of physical
uplink control channel format 1a/1b resources allocated
to the given UE 10, and M corresponds to a number of
ACK/NACK bundles.

10. A non-transitory computer-readable medium that con-
tains software program instructions, where execution of the
software program instructions by at least one data processor
resulting in performance of operations that comprise execu-
tion of the method of claim 1.

11. An apparatus, comprising:

a processor; and

a memory including computer program code, where the

memory and computer program code are configured to,
with the processor, cause the apparatus at least to, when
in a time division duplex mode of operation with a user
equipment, allocate physical uplink control channel
resources by reserving physical uplink control channel
resources with a granularity of one acknowledge/nega-
tive acknowledge (ACK/NACK) bundle; and

send an indication of the allocated physical uplink control

channel resources from a network access node to the
user equipment.

12. The apparatus of claim 11, where the physical uplink
control channel resources are format 1a/1b resources that are
reserved for each ACK/NACK bundle and are at least one of
pre-defined and configured.

13. The apparatus of claim 11, where the ACK/NACK
bundle comprises a set of time division duplex subframe(s)
and component carrier(s) that are configured to form a subset
of ACK/NACK feedback to be sent by the user equipment in
the uplink as a response to received data in the downlink.

14. The apparatus as in claim 11, where a single physical
uplink control channel format 1a/1b resource is allocated to a
given user equipment, and where a set of time division duplex
subframes(s) and component carrier(s) are configured to form
a single ACK/NACK bundle.

15. The apparatus of claim 14, where constellation point
selection is based on a value of a bundled ACK/NACK bit and
a value of a downlink assignment index of a last received
physical downlink control channel within an ACK/NACK
bundle.

16. The apparatus as in claim 11, where a plurality of
physical uplink control channel format 1a/1b resources are
allocated to a given user equipment, and where a set of time
division duplex subframes(s) and component carrier(s) are
configured to form a single ACK/NACK bundle.

17. The apparatus of claim 16, where one of the plurality of
physical uplink control channel format 1a/1b resources is
selected to send the bundled ACK/NACK based on a value of
a downlink assignment index of a last received physical
downlink control channel within an ACK/NACK bundle.

18. The apparatus as in claim 11, where for at least one of
ACK/NACK time domain bundling and component carrier
domain bundling with channel selection, one physical uplink
control channel format 1a/1b resource is allocated per ACK/
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NACK bundle such that a total number of physical uplink
control channel format 1a/1b resources allocated to the user
equipment depends on the number of configured ACK/NACK
bundles of the user equipment, and where channel selection is
performed amongst a plurality of allocated physical uplink
control channel resources and is used to convey bundled
ACK/NACK results.

19. The apparatus of claim 11, where a position of physical
uplink control channel format 1a/1b resources allocated to a
given user equipment (UE) is determined in accordance with:

AUE,

paraRAinges), Where

UE,,,, is a UE-specific parameter; and
index—Ls - - - » M, where M is a total number of physical

uplink control channel format 1a/1b resources allocated
to the given UE, and M corresponds to a number of
ACK/NACK bundles.

20. A method comprising:

obtaining at a user equipment an allocation of a single
physical uplink control channel format 1a/1b resource,
where physical uplink control channel resources are
reserved with a granularity of one acknowledge/nega-
tive acknowledge (ACK/NACK) bundle;
performing ACK/NACK bundling across spatial code-
words, where one bundled ACK/NACK bit per received
component carrier/subframe is generated); and

selecting a constellation point for transmission on the
uplink based on a value of a bundled ACK/NACK bit and
avalue ofa downlink assignment index of a last received
physical downlink control channel within an ACK/
NACK bundle.

21. The method of claim 20, where the ACK/NACK bundle
comprises a set of time division duplex subframe(s) and com-
ponent carrier(s) that are configured to form a subset of ACK/
NACK feedback to be sent by the user equipment in the
uplink as a response to received data in the downlink.

22. A method comprising:

obtaining at a user equipment an allocation of a plurality of

physical uplink control channel format 1a/1b resources,
where physical uplink control channel resources are
reserved with a granularity of one acknowledge/nega-
tive acknowledge (ACK/NACK) bundle; and

selecting one of the plurality of physical uplink control

channel format 1a/1b resources to send a bundled ACK/
NACK result based on a value of a downlink assignment
index of a last received physical downlink control chan-
nel within an ACK/NACK bundle.

23. The method of claim 22, where an (n mod M) physical
uplink control channel format 1a/1b resource is used to con-
vey the bundled ACK/NACK result, where n is the downlink
assignment index value ofthe last received physical downlink
control channel, and M is a total number of physical uplink
control channel format 1a/1b resources allocated to the user
equipment.

24. The method of claim 22, where the ACK/NACK bundle
comprises a set of time division duplex subframe(s) and com-
ponent carrier(s) that are configured to form a subset of ACK/
NACK feedback to be sent by the user equipment in the
uplink as a response to received data in the downlink
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