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Discussion and Decision
1
Introduction
The Work Item ”LTE Carrier Aggregation Enhancement Beyond 5 Carriers” (approved in [1]) targets at as the second objective on enhancing carrier aggregation framework to support up to 32 component carriers. This is captured in the approved WID tasks as: 
2. Specify necessary mechanisms to enable the LTE carrier aggregation of up to 32 component carriers for the DL and UL, including:
· Enhancements to DL control signalling for up to 32 component carriers including both self-scheduling and cross-carrier scheduling, if any [RAN1]
· Enhancements to UL control signalling for up to 32 component carriers [RAN1]
· Enhancements to support UCI feedback on PUCCH for up to 32 DL carriers
· Specify the necessary enhancements to UCI signalling formats to support UCI feedback for up to 32 DL carriers 
· Enhancements to support UCI feedback on PUSCH for up to 32 DL carriers

· Higher layer enhancements for a UE to aggregate up to 32 component carriers, if identified [RAN2]

In [2], we provide an overview on the enhancements that are needed to the available carrier aggregation framework to enable up to 32 component carriers in UL/DL. In this contribution, we consider the necessary enhancements to UCI signalling formats on PUCCH to support UCI feedback for up to 32 DL carriers. 
2
Discussion
Extending DL carrier aggregation for up to 32 DL carriers increases considerably the amount of UCI that needs to be transmitted in a single subframe:

· Number of HARQ-ACK bits to be reported in a subframe is increased significantly. In the case of FDD Pcell, up to 64 HARQ-ACK bits may need to be reported. In the case of TDD PCell, the increase is even larger. For most of the TDD UL/DL configurations, well beyond 100 HARQ-ACK bits may need to be reported. In the extreme case of UL/DL configuration #5 on TDD PCell and TDD-FDD CA, up to 638 HARQ-ACK bits should be reported in a single subframe. 

· Number of periodic CSI reports to be transmitted is increased significantly. Keeping the current periodic CSI reporting procedure, where periodic CSI can be reported for only one CC at the time, would lead to insufficient CSI reporting with considerably increased periodic CSI dropping frequency or reporting rate. Hence, multiple periodic CSI reports need to be transmitted during single subframe, as discussed in [3].
· Further, it is preferable that HARQ-ACK bits and at least part of simultaneous periodic CSI reports can be transmitted jointly on PUCCH, as in LTE Rel-12. 

Current PUCCH formats cannot support large UCI payloads, even when considering PUCCH extension to two carriers. For example, with PUCCH Format 3 maximum payload is limited to 22 bits. In the WI, PUCCH on SCell will be introduced, and PUCCH on two cells will double the supported payload size. However, PUCCH Format 3 on two PUCCHs would support only 44 bits in total. This is not enough to provide reasonable support for DL CA up to 32 carriers. Furthermore, there is a clear need to support increased UCI payload also with single PUCCH approach, as single PUCCH should support CA enhancements to a reasonable extend. Clearly new PUCCH format (or formats) that is significantly larger than PUCCH Format 3 is needed. An alternative to the introduction of new PUCCH format(s) would be extensive HARQ-ACK bundling and periodic CSI dropping (or extensively long CSI reporting period), which would render the Rel-13 CA enhancement operation to be highly inefficient. 
Proposal #1: At least one new PUCCH format that is significantly larger than PUCCH Format 3 is specified in Rel-13 to support considerably increased UCI feedback.
Having a common understanding on the targeted payload is essential for specifying a new PUCCH format as it will strongly guide the actual design. The maximum number of spatially bundled HARQ-ACK feedback bits per subframe is presented in Table 1 for 32-carrier FDD, TDD and TDD-FDD CA. In the case of TDD CA, the same UL/DL configuration is assumed for all carriers to simplify the presentation. In the case of TDD-FDD CA, TDD of a certain UL/DL configuration is assumed for PCell and PUCCH SCell while other carriers are assumed to be FDD. 
One can see that UL HARQ-ACK timing following UL/DL configuration #5 can produce very large HARQ-ACK feedback sizes per subframe. On other hand, HARQ-ACK feedback sizes seen with any other configuration are considerably smaller. In our opinion it is not sensible to set these exceptionally large feedback sizes that can be seen only with a single UL/DL configuration as a design target. Further, LTE Releases 10-12 already contain significant limitations for the use of UL/DL configuration #5 with DL carrier aggregation. Hence, we see that the extreme HARQ-ACK feedback sizes that can be faced with UL/DL configuration #5 should not be used as design target for the new PUCCH format.
Observation #1: Support of most challenging HARQ-ACK feedback cases faced with HARQ-ACK multiplexing and TDD UL/DL configuration #5 should not be used as design target for the new PUCCH format.   

Table 1. Maximum number of HARQ-ACK feedback bits per subframe and number of carriers supported with 100-bit PUCCH format for HARQ-ACK multiplexing. 
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The number of component carriers that can be supported with different PUCCH format sizes, assuming HARQ-ACK multiplexing with spatial bundling, is presented also in Table 1 for the cases of single and dual PUCCH cells. DL CA for up to 32 carriers can be supported with 100-bit PUCCH format and dual PUCCH cells except for the extreme TDD UL/DL configuration #5 cases. Further, DL CA for at least up to 20 carriers can be supported even for UL HARQ-ACK timing following TDD UL/DL configuration #5. Hence, it is hard to see any motivation to consider PUCCH formats beyond 100 bits, especially from dual PUCCH point of view.

On the other hand, when PUCCH format size is reduced to 70 bits or below, support for 32 carriers even with dual PUCCH cells starts to become limited with respect to several of the TDD UL/DL configurations. Additionally, the number of carriers that can be supported with HARQ-ACK multiplexing is decreased considerably especially for the case of single PUCCH cell.  60-bit PUCCH format with a single PUCCH can support full 32 carriers only for FDD CA and TDD CA with UL/DL configuration #0 or #6. We see that new PUCCH format should preferably support at least 70-bit payload.
The trade-off between PUCCH format size and UL coverage is illustrated in Figure 1. In the simulations, TU channel, 3 km/h UE velocity and 2 Rx antennas at eNB were assumed. Although a PUCCH format size in the range of 70 to 100 bits requires already relatively high SINR, it can be still seen as practically feasible especially for small cells.
Proposal #2: Target payload of up to 70-100 bits is taken as working assumption for the design of the new PUCCH format. 
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Figure 1. Performance of HARQ-ACK feedback with varying PUCCH format sizes.

In Table 1, limitations on the number of supported carriers were noted for the considered PUCCH format sizes, especially in the case of single PUCCH cell. To get further insight on these limitations, a theoretical ratio of schedulable subframes to the total number of DL subframes available on 32 carriers is presented against PUCCH format size in Figures 2 and 3 for TDD CA and TDD-FDD CA, respectively. In the figures, it is assumed that one HARQ-ACK feedback bit is transmitted per carrier and per scheduled subframe. Further, such a scheduling restriction is assumed that the amount of HARQ-ACK feedback bits does not exceed PUCCH format size. In other words, the number of schedulable subframes is determined based on the PUCCH format payload size. In the case of TDD CA as was the case in Table 1, the same UL/DL configuration is assumed for all carriers, and in the case of TDD-FDD CA, TDD is assumed for PCell while other carriers are assumed to be FDD. Excluding UL/DL configuration #5, one can see that most of the available subframes can be scheduled in the case of 100-bit PUCCH format. This implies that the number of supported carriers can be effectively extended, if seen as necessary, already with a reasonable amount of time domain bundling of HARQ-ACK bits. Further, PUCCH format should, in addition to HARQ-ACK feedback, support transmission of multiple periodic CSI reports in the same subframe.  We see partial time domain bundling of HARQ-ACK bits as an attractive alternative to a very large PUCCH format to further increase the multiplexing capabilities of HARQ-ACK feedback and periodic CSI reports as well as the number of carriers that can be supported with DL heavy TDD UL/DL configurations, if deemed necessary. Of course, the error cases related to partial time domain bundling need to be carefully considered.
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Figure 2. Ratio of schedulable subframes to the number of DL subframes available on 32 carriers for TDD CA. Single PUCCH cell and HARQ-ACK multiplexing assumed.
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Figure 3. Ratio of schedulable subframes to the number of DL subframes available on 32 carriers for TDD-FDD CA. Single PUCCH cell and HARQ-ACK multiplexing assumed. 

Observation #2: Partial HARQ-ACK bundling in time domain may be investigated to extend the multiplexing capabilities of HARQ-ACK feedback and periodic CSI reports as well as the number of supported carriers for TDD PCell with single PUCCH cell.
Introduction of one large PUCCH format easily increases PUCCH overhead considerably. Introduction of SCell PUCCH allows in suitable network deployments for offloading part of PUCCH overhead to e.g. a small cell with lower UL or PUCCH load. However, PUCCH overhead offloading is not always possible. It needs to be ensured that specifications enable efficient use of PUCCH resources. Frequently, the actual UCI payload can be considerably smaller than the maximum payload supported by the new PUCCH format. This can be tackled by introduction of multiple new PUCCH formats of different sizes, dynamic and flexible use of PUCCH formats, as well as by partial bundling of multiplexed HARQ-ACK bits. We see that these mechanisms need to be investigated and compared to reach efficient PUCCH resource usage, keeping in mind the increase both in implementation and specification complexity.

Additionally, the use of PUCCH Format 3 can be considerably extended for periodic CSI reporting as well as for FDD PUCCH cells with rather simple specification changes. For example, PUCCH Format 3 can be extended to support spatially bundled HARQ-ACK feedback up to 21 carriers on a FDD PUCCH cell.
Proposal #3: Flexible use of PUCCH formats, partial HARQ-ACK bundling, and introduction of multiple new PUCCH formats are investigated to reach efficient PUCCH resource usage.
Proposal #4: PUCCH Format 3 use is extended to HARQ-ACK reporting on FDD PUCCH cell as well as periodic CSI reporting.

When new PUCCH format is specified, various topics need to be addressed including: 
· Format structure. Current PUCCH Format 3 payload can be extended by reducing the spreading factor and/or by extending the format in frequency domain to cover multiple PRBs. New format structure can also be based on PUSCH structure. Potentially also other format structure options may be identified. Support of different CP lengths as well as multiplexing with SRS with a shortened PUCCH format need to be addressed when the new PUCCH format structure is defined. 

· PUCCH resource assignment mechanisms for the new format, including also fallback schemes.
· Supported UCI (HARQ-ACK, periodic CSI, SR) multiplexing combinations 

· Channel coding. It is worth noting that LTE defines already now multiple channel coding schemes, as well as that the new PUCCH format size is likely comparable to the current DCI sizes. Hence we see that the existing Rel-13 LTE coding schemes can be used also with the new PUCCH format.
· Necessary enhancements to PUCCH transmit power control
Observation #3: When designing new PUCCH formats, the PUCCH format structure, PUCCH resource assignment, channel coding as well as the supported UCI multiplexing combinations need to be considered.
Proposal #5: Channel coding for the new PUCCH format is based on existing LTE coding schemes.
3
Conclusion
In this contribution, we discuss necessary PUCCH enhancements to support UCI feedback for up to 32 DL component carriers. Based on the discussions, the following proposals and observations can be summarized: 
Observation #1: Support of most challenging HARQ-ACK feedback cases faced with HARQ-ACK multiplexing and TDD UL/DL configuration #5 should not be used as design target for the new PUCCH format.  
Observation #2: Partial HARQ-ACK bundling in time domain may be investigated to extend the multiplexing capabilities of HARQ-ACK feedback and periodic CSI reports as well as the number of supported carriers for TDD PCell with single PUCCH cell.
Observation #3: When designing new PUCCH formats, the PUCCH format structure, PUCCH resource assignment, channel coding as well as the supported UCI multiplexing combinations need to be considered.
Proposal #1: At least one new PUCCH format that is significantly larger than PUCCH Format 3 is specified in Rel-13 to support considerably increased UCI feedback.
Proposal #2: Target payload of up to 70-100 bits is taken as working assumption for the design of the new PUCCH format. 
Proposal #3: Flexible use of PUCCH formats, partial HARQ-ACK bundling, and introduction of multiple new PUCCH formats are investigated to reach efficient PUCCH resource usage.

Proposal #4: PUCCH Format 3 use is extended to HARQ-ACK reporting on FDD PUCCH cell as well as periodic CSI reporting.

Proposal #5: Channel coding for the new PUCCH format is based on existing LTE coding schemes.
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