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1 Introduction
The main issue for PUCCH design for LTE-Advanced involves the support for carrier aggregation, including asymmetric component carrier (CC) aggregation (i.e., having different number of UL and DL CCs). The PUCCH design to support PDSCH transmissions over multiple CCs has earlier been discussed in e.g. [1]-[4]. In this document, some further views and considerations on the PUCCH design for the case of carrier aggregation are given. In particular, the main issues are how many uplink component carriers should be used for PUCCH transmission as well as the multiplexing of control information within a component carrier. Before discussing the detail of PUCCH design, the concept of anchor carrier and anchor carrier pair is introduced for assisting the following discussions.  
2 UE-specific carrier aggregation and anchor carriers
An LTE-Advanced system may include multiple CCs, which can be aggregated to increase user throughput. It has been agreed that it should be possible to configure a UE asymmetrically with respect to the number of configured UL and DL CCs. An reasonable assumption is that the UEs may have different aggregation capabilities, which makes support of UE-specific carrier aggregation important. Furthermore, in a system which is symmetric, i.e., having the same number of UL and DL CCs in a cell, it is possible for a UE to be configured for asymmetric carrier aggregation. In following parts of this document, the symmetric or asymmetric carrier aggregation refers to UE-specific carrier aggregation.
Proposal 1: Carrier aggregation is UE-specific. 

For the transmission of control information with UE-specific carrier aggregation, it is useful to further define an anchor carrier, or a home carrier, among the UE-specific aggregated carriers for the UE. The concept of anchor carrier has been discussed with respect to the downlink for LTE-Advanced in [5] and for DC-HSDPA [6], and could provide simplifications in the control signalling and savings of UE power in idle/sleep mode. For the purpose of discussing LTE-Advanced UL, we may also refer to an UL anchor carrier as being a CC associated with the DL anchor carrier of the UE. The DL and UL anchor carrier form an anchor carrier pair. 
For the DL, UE power savings are expected by receiving on, or monitoring, as few CCs as possible, and similarly for the UL, to transmit on as few CCs as possible. Since anchor carrier is defined among the UE-specific aggregated CCs, it is natural that the anchor carrier pair also is UE-specific. This is beneficial for balancing interference and load between CCs. When multiple DL CCs are assigned to a UE, the DL anchor carrier can be used to transmit system information and to activate or deactivate additional CCs for the UE. Likewise, when multiple UL carriers are assigned, the UL anchor carrier could be used for a scheduling request transmission or a random access message.
Proposal 2: UE-specific UL and DL anchor carriers are defined and form an anchor carrier pair. 
The concept of UE-specific carrier aggregation and anchor carrier are illustrated in Fig. 1 and Fig. 2.
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Figure 1. Symmetric carrier aggregation
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Figure 2. Asymmetric carrier aggregation
3 PUCCH for carrier aggregation
The RAN1 agreement for carrier aggregation includes using 1 transport block (TB) and HARQ entity per CC from the UE perspective, in the case of no spatial multiplexing. Whenever there are multiple DL CCs, there will thus be multiple HARQ entities, so ACK/NACK and also CQI feedback are needed for each DL CC, respectively. The main issue is how to transmit uplink control signalling of a UE (on PUCCH) among the aggregated UE-specific UL CCs. 
As PUCCH, especially ACK/NACK transmission, is more or less related to PDCCH transmission, some assumptions  about PDCCH may be required before discussing PUCCH. Regarding the preference of these assumptions about PDCCH, it could be found in a companion contribution [7]. 
3.1 Assumptions
The following is assumed in the discussion of this section.

· PDCCH is separately encoded for each CC and is transmitted on the DL CC with the corresponding PDSCH transmission. 
· PDCCH-PDSCH-UL ACK/NACK timing is the same between LTE and LTE-Advanced. 
This is straightforward under the assumed PDCCH transmission scheme. Possible problems caused by different timing, e.g. eNodeB scheduler restriction to avoid possible ACK/NACK collisions resulting from  PDCCH transmissions from different delivery time, can also be eliminated. 
· Each DL CC (i.e., respective HARQ entity) of a certain UE has its own PUCCH carrying the corresponding ACK/NACK and CQI. With this definition, there can be multiple PUCCHs transmitted from one UE, which is in contrast to LTE.  An important case to study is the asymmetric carrier aggregation having more DL CCs than UL CCs, where the PUCCHs corresponding to multiple DL CCs needs to be transmitted in a single or few UL CCs. 
3.2 PUCCH on multiple CCs or only on the anchor carrier
A first issue for the design is the number of CCs used for the transmission of the multiple PUCCHs of a certain UE. The related issues here concern the single-carrier property and the multiplexing capacity. The question is whether to use

Option 1. Multiple UL CCs used for multiple PUCCH transmission

Option 2. One UL CC used for multiple PUCCH transmission 
Note that both options above can be used also in the symmetric carrier aggregation. In asymmetric aggregation, some UL CC may need to carry multiple PUCCH in the case of Option 1.
If a single PA per antenna is used for all the CCs, then the single-carrier structure is generally lost by the listed options, although for the second option there are some possibilities to maintain the single-carrier property for small aggregations (see discussion below). Much care was taken for designing a single-carrier structure with low CM in LTE, but bearing in mind that carrier aggregation is anticipated to be utilized for UEs with good channel qualities and that there are ongoing discussions of relaxing the single-carrier property on the PUSCH, we may need to discuss whether it is critical to enforce a single-carrier PUCCH also when many CCs are aggregated. Especially since carrier aggregation primarily cannot be seen as a coverage-centric technology. In addition, the cubic metric will become worse as a consequence of the agreement of multiplexing PUCCH and PUSCH and allowing non-contiguous resource allocations on the UL.
In Option 1, when transmitting one PUCCH per UL CC, as would be possible for each UL CC in a symmetric carrier aggregation or for most UL CCs in asymmetric carrier aggregation, then Rel.8 PUCCH design can be reused to a larger extent with the modification of assignment of additional codes/resources for support of multiple transmit antennas at the UE. Multiple PUCCH power control commands may be needed and possibly only one per UL CC. 
In Option 2, transmission of multiple PUCCHs on the anchor CC only, has the benefits of a smaller transmission bandwidth and some possibilities to maintain the single-carrier property. Also, only one power control command for the PUCCH on the anchor UL CC is needed. This simplifies the power control compared to Option 1. Transmitting multiple PUCCHs on the anchor carrier is due to these benefits also a relevant solution for symmetric carrier aggregation. That is, if the PUCCH anyway supports asymmetric carrier aggregation, it can be utilized even in the symmetric case as well. To keep backwards compatibility with Rel.8 and seamless PUCCH multiplexing with LTE UEs, it is suggested to reuse the Rel.8 PUCCH formats as much as possible when transmitting the LTE-Advanced PUCCH on the anchor carrier. 

A drawback of using only the anchor carrier for PUCCH transmissions is less frequency diversity if the anchor carrier bandwidth is narrow. However the frequency diversity gain is the same as in Rel.8 but there might become a PUCCH multiplexing capacity problem in the UL anchor carrier if many DL CCs are aggregated. 
Due to the single-carrier property possibilities, smaller transmission bandwidth and simpler power control, we propose that the following rule shall be followed unless there is a PUCCH capacity problem: 

Proposal 3: The UE-specific UL anchor carrier is used for the multiple PUCCH transmissions from a UE. 
3.3 PUCCH multiplexing structure
Another issue for PUCCH design regards the used resources and the multiplexing method of LTE and LTE-Advanced PUCCHs. Especially the implicit resource reservations for PUCCH obtained from the PDCCH should be unique and collision-free. This should be particularly studied for the case when multiple PUCCHs are transmitted in the same CC. Much of the LTE-Advanced PUCCH design could probably be based on the Rel.8 formats. On the other hand, it could be argued that the benefit of reusing the Rel.8 PUCCH formats is not obvious if the single-carrier property is anyway lost. However, reuse of PUCCH design has advantages in the sense that it would make orthogonal multiplexing (CDM) of LTE and LTE-Advanced UEs possible within a same resource block, thereby maximizing the resource usage and minimizing control overhead. Alternatively, dedicated LTE-Advanced PUCCH resources (FDM) may need to be considered, which relaxes the design constraints but could reduce the efficiency of the resource usage due to fixed reservation and introduce additional control signalling.  
The information in PUCCH includes the scheduling request (SR), the ACK/NACK and the CQI, which are discussed in the following parts respectively. Although UL control information (UCI) also can be carried in the PUSCH, which is capable of larger UCI payloads which can be associated with carrier aggregation, we anticipate that LTE-Advanced should have the same PUCCH functionality as supported for Rel.8.
3.3.1 Scheduling Request
As SR is only used for requesting resource allocation, it can be independent of carrier aggregation, i.e. transmitting an SR for each UL CC is not necessary. Therefore it seems there is no obvious difference between SR of LTE and LTE-Advanced so SR can reuse the LTE transmission scheme.
For each UE, when transmitting SR, the eNB could explicitly signal the resource allocation for the SR in the DL anchor carrier, and then the SR can be transmitted on its UL anchor carrier.  
3.3.2 ACK/NACK

As a consequence of having independent HARQ entities per DL carrier, multiple ACK/NACKs need to be reported in uplink.  The problem of transmitting multiple ACK/NACK on an UL anchor carrier has many similarities with LTE TDD, where multiple ACK/NACKs corresponding to multiple DL sub-frames are transmitted in one UL sub-frame. In LTE TDD, there are two corresponding schemes to transmit multiple ACK/NACKs, which are bundling and multiplexing. In carrier aggregation, as ACK/NACKs may be less correlated among CCs than between the subframes in TDD, ACK/NACK multiplexing may be of more interest for the carrier aggregation case. Also, bundling requires retransmission of all TBs in case of a NACK or missed PDCCH assignment, which may be less desirable for carrier aggregation, which is assumed to encompass much larger amounts of data processing than the LTE TDD case, and that unnecessary transmission/reception over multiple CCs should be avoided. However, there are some problems of directly reusing the ACK/NACK multiplexing schemes in LTE-Advanced as will be discussed below where some alternative solutions are proposed.
Support of multiple ACK/NACK transmission in one CC
In LTE TDD ACK/NACK multiplexing can only support up to 4 DL CCs which is a limitation for LTE-Advanced where it shall be possible to aggregate more than 4 DL CCs, to achieve 100 MHz bandwidth. In addition, in LTE-Advanced, the UE may have multiple transmit antennas and each antenna requires one orthogonal resource to maintain interference-free backward compatibility with LTE. Multi-code assignments are not supported in LTE TDD as it impacts the single-carrier property.  So, other solutions can also be considered as:
· Multiple code transmission: In LTE, one code
 is used for ACK/NACK transmission to preserve the single-carrier property. If the requirement of single-carrier property for PUCCH can be relaxed, multiple codes could be transmitted simultaneously from one antenna to convey more information. Alternatively, for multiple antenna UEs, we can assign one unique code per antenna and thus one ACK/NACK per antenna to transmit multiple ACK/NACKs. This is orthogonal spatial multiplexing since each antenna transmits an orthogonal code (no MIMO receiver required). For example, with two transmit antennas we could double the number of ACK/NACKs and still keep the single-carrier property. To maintain coverage with this multi-code method, the transmit power needs to be increased proportionally to the number of used codes.  
· Hybrid code selection and multi-code transmission: In LTE, TDD ACK/NACK multiplexing is performed by combining channel selection and QPSK modulation (format 1b). In the channel selection, only one of multiple available channels is selected for transmitting one QPSK symbol. Similar to channel selection, when there are multiple codes available within one resource, the selection of one code from a set of multiple codes (e.g., obtained by implicit reservation if the corresponding PDCCH consists of multiple CCEs) could be used to convey additional ACK/NACKs.  The code selection scheme could be extended to the selection of two or more codes from all the available codes to transmit multiple QPSK symbols. However, since multi-code transmission is used per antenna, the single-carrier property will be lost and the same coverage problem due to multi-code transmission will appear as was discussed above.
· PUCCH format 2 transmission: Compared with LTE PUCCH format 1a/1b, format 2 with channel coding for CQI transmission can convey more information bits. Thus, multiple ACK/NACK bits can be jointly encoded into a codeword, and then the codeword is transmitted using format 2 as CQI. For this scheme, if there is DTX among the multiplexed ACK/NACKs in the codeword, it must also be encoded; otherwise it is difficult to distinguish the relation between an ACK/NACK and its corresponding  DL TB. Furthermore, as the error probability target of ACK/NACK transmission is lower than for CQI, the coverage problem of this scheme should also be considered.  
Resource index mapping of multiple ACK/NACK transmission
For dynamically scheduled UEs in LTE, the ACK/NACK resource allocation is related to PDCCH transmission. Under the assumption of separate PDCCH transmission scheme for LTE-Advanced, we can describe two possible solutions: 
· Downlink anchor carrier approach: Here the ACK/NACK indices are implicitly associated with the CCEs of the PDCCH on the UE-specific DL anchor carrier, as illustrated in Fig. 3(a). This solution has low complexity. However, a PDCCH on the DL anchor carrier is required for ACK/NACK indices mapping. It would be problematic in case of missing the PDCCH on the DL anchor carrier. Similar issue will also occur in a HARQ retransmission in other carriers while the PDSCH on the DL anchor carrier has been successfully received and there is no PDCCH on the DL anchor carrier for scheduling new data packet. Besides, the eNB must configure at least as many CCEs as the required number of codes. For UEs with a large number of aggregated carriers and/or a large number of transmit antennas, an increased overhead on the downlink control channel may occur.  
· Cross-carrier mapping approach: Here the ACK/NACK indices are implicitly associated with the CCEs of PDCCH over all the used DL CCs. Cross-carrier mapping, i.e. mapping of ACK/NACK on an UL CC for a PDCCH from unpaired DL CCs, will occur for PDCCHs on the DL non-anchor CC, as illustrated in Fig. 3(b). Cross-carrier mapping can be easily supported by FDM, e.g. by signalling additional PUCCH resource offset values,
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 values. This allows that a CCE to ACK/NACK index mapping in a DL CC can be done in a similar way as in LTE Rel.8. A PUCCH overhead increase could be expected due to the FDM reservation. However, since cross-carrier mapping only appears for LTE-Advanced UEs, ACK/NACK resource reservation and index mapping can be different from that of LTE Rel.8 and overhead reduction methods can also be considered.
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Figure 3. ACK/NACK resource index mapping, two DL CCs and two UL CCs are aggregated
For semi-persistently scheduled UEs, the scheme in LTE could be reused such that the ACK/NACK resources are configured through higher layer signalling transmitted in UE-specific DL anchor carrier.
3.3.3 CQI
A CQI for each DL CC needs to be reported in the UL in the case of carrier aggregation, and the feedback overhead is proportional to the number of aggregated DL carriers. In LTE, there is not any kind of CQI bundling or multiplexing scheme similar to ACK/NACK. There are thus two possible solutions for LTE-Advanced CQI transmission: 
Reuse the LTE CQI reporting scheme:
· CQI cycling approach: In LTE, periodic CQI is reported in PUCCH, and the periodicity of the report is configured by eNB. So the CQI corresponding to different DL CCs could be transmitted with different CQI periodic reporting cycles, configured by eNB. Effectively, this means the CQIs of different DL CCs are transmitted by TDM. This will lead to an increased overhead and/or increased CQI delay since more time resources are used by each UE. 
· CDM approach: As the resource of the CQI report for each UE is code multiplexed in LTE, and the resources (index of code) are signalled by the eNB, we can code multiplex the multiple CQI reports. This is flexible in the sense that if the UE has more CQI information to be transmitted in one sub-frame, then eNB can allocate more codes for this UE through higher layer signalling. A drawback is that the single-carrier property is lost and the transmit power needs to be increased to maintain coverage. This approach can also be combined with the orthogonal spatial multiplexing discussed for ACK/NACK above. 
In addition, a new LTE-Advanced specific CQI design could be considered to support the transmission of multiple CQI information bits. For example, one of the proposals for CQI transmission in LTE was the DFT-S-OFDM CQI reporting scheme, which was claimed to be able to carry more information bits than the current code based modulation scheme. This scheme could be re-considered as a LTE-Advanced specific CQI design.
4 Conclusion
This contribution focused on the PUCCH for LTE-Advanced UEs with carrier aggregation. A number of issues were addressed and the following are identified for further study:
                                                               PUCCH transmission structure 

	
	Option 1: Multiple UL CCs used for multiple PUCCH transmission
	Option 2: One UL CC used for multiple PUCCH transmission

	Applicability 
	Applicable for both symmetric and asymmetric carrier aggregation
	Applicable for both symmetric and asymmetric carrier aggregation

	Single carrier property
	Single-carrier property is lost
	It is possible to maintain single- carrier property

	Power savings
	Less
	More

	Frequency diversity
	More 
	Less

	Backward compatibility
	Rel.8 PUCCH structure can be directly reused on each UL CC in case of symmetric carrier aggregation or for most UL CCs in asymmetric carrier aggregation
	Modification of Rel.8 PUCCH structure is necessary

	PUCCH performance
(ACK/NACK ,CQI)
	FFS
	FFS


PUCCH multiplexing structure
	
	Option 1: Multiple UL CCs used for multiple PUCCH transmission
	Option 2: One UL CC used for multiple PUCCH transmission

	Scheduling request
	For each UE, only one SR is transmitted on its UL anchor carrier
	For each UE, only one SR is transmitted on its UL anchor carrier

	ACK/NACK transmission and resource implicit reservation
	Straightforward, per CC 
	Transmission scheme of multiple ACK/NACKs from different PUCCHs

1. Multiple code transmission

2. Hybrid code selection and multi-code transmission

3. PUCCH format 2 transmission

Resource reservation for multiple ACK/NACKs

1. Downlink anchor carrier approach

2. Cross-carrier mapping approach



	CQI reporting 
	Straightforward, per CC
	1. CQI cycling approach

2. CDM approach (multiple code transmission)
3. LTE-Advanced specific new CQI reporting scheme
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� A code is defined as one base sequence multiplied with a linear phase progression. 
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