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Introduction
The work item [1] outlines two independent features; a first objective to specify PUCCH on an SCell and a second objective to enhance support of carrier aggregation (CA) with up to 32 component carriers. In this contribution, we consider related aspects of control information transmission and in Sec. 2, the applicability of potential CA enhancements is discussed. The consequences of aggregating up to 32 component carriers are explained in Sec. 3 with further discussion regarding the need of CA enhancements in Sec. 4. Our additional contributions contain further elaborations on PUCCH [2], CSI feedback [3] and other enhancements [4].
Carrier aggregation in Rel-13
Applicability of the Rel-13 carrier aggregation enhancements
The 5 existing CA scenarios [5] are expected to be applicable also for Rel-13 and the WID states that “the specified solutions shall efficiently support any number of component carriers up to 32 and the target of the solutions is only for the configurations that are not supported in Rel-12 CA”. Therefore, the PHY layer has to provide mechanisms supporting CA configured with 1 PCell and 31 SCells. For FDD, new enhancements will thus only be supported when the UE is capable of, and is configured with, more than 5 serving cells. For TDD on the other hand, as part of the justification in [1], it is mentioned that “enhancements can also improve CA operation with TDD PCell, which faces limitations on PDSCH HARQ-ACK feedback already with 3 component carriers”. It could be reasonable to support enhancements also for those cases, since the full potential of TDD CA cannot be harvested even with less than 5 serving cells, because the support of TDD UL/DL configuration 5 has limitations. 
For both FDD and TDD, the enhancements shall always apply if more than 5 serving cells are configured. For TDD, it could be possible to apply the enhancements when 3, 4 or 5 serving cells are configured (at least for the TDD UL/DL configurations/carrier combinations which are not supported in Rel-12 CA). Further discussion may be needed if that would then only apply to UEs capable of aggregating more than 5 TDD serving cells.
Proposal 1. The CA enhancements apply to UEs capable of, and configured with, more than 5 serving cells. Additionally, for TDD serving cells, it is possible to apply the CA enhancements for configurations not supported in Rel-12 when 3, 4 or 5 serving cells are configured.
This proposal applies at least to CA enhancements pertaining to uplink control information (UCI) and downlink control information (DCI) transmission, while not precluding other enhancements [4].
The PHY layer specifications should continue to be agnostic to the carrier deployments, among which the WID explicitly mentions FDD CA, TDD CA and TDD-FDD CA. For example, full support of TDD-FDD CA becomes important considering applicability of LTE-Advanced to new frequency bands. A future-proof PHY layer design should therefore be sought, aiming to support the different configurations and it would be a subsequent discussion related to UE capabilities, regarding selection of the CA features. However, this does not necessarily imply that the CA enhancements actually need to be optimized for very large numbers of aggregated serving cells. There is also no need to do particular optimizations for unreasonable configurations using narrow bandwidth carriers. Generally, we expect that wideband carriers (e.g., 20 MHz) will become the main practically relevant application for CA with large number of carriers. 
Although PUCCH transmission on one SCell will be specified, that should not be a pre-requisite for the CA enhancements. UL CA has so far not reached the same commercial status as DL CA and there is no restriction relying on UL CA for DL CA in Rel-12. Therefore, the CA enhancements should be supported assuming PUCCH transmission is on the PCell only, notwithstanding that it should be possible to transmit UCI on SCell when the UE supports PUCCH transmission on one SCell. 
Proposal 2. PUCCH transmission on an SCell should not be a pre-requisite for supporting up to 32 serving cells.
Design principles for Rel-13 carrier aggregation
Although CA with up to 32 carriers comes with more UL overhead, few UEs are likely to have configurations (and be scheduled) with very large number of carriers. A typical UE is expected to be mostly scheduled on a few of its configured serving cells, and only occasionally be simultaneously scheduled on all its configured serving cells. It should be noted that the whole design of the Rel-10 CA UCI feedback hinges on the following early agreement from RAN1#58bis:
Do not optimize the A/N feedback for multiple DL CC assuming large number of UEs being simultaneously scheduled on multiple DL CC.
This is even more pronounced when UEs are configured with very large number of serving cells, e.g., more than 16 serving cells, thus: 
Proposal 3. Rel-13 CA should not be optimized for a large number of UEs being simultaneously scheduled on more than 5 serving cells. 
One consequence of the RAN1#58bis agreement was, e.g., that separate PUCCH resources were defined for more than 4 HARQ-ACK bits (i.e., PUCCH format 3) for which the UE multiplexing capability per PUCCH resource was allowed to decrease (from 18 to 5) compared to the PUCCH format 1a/1b based schemes. Hence, now when even much higher UCI payloads need to be transmitted, new CA mechanisms with large UE multiplexing capability (if any) are still not the main focus, rather it is primarily the UE payload capacity which needs to be enhanced. 
Some decisions were made in Rel-10 to assure robust UCI feedback operation, e.g., the number of HARQ-ACK bits is adapted based on RRC configuration (transmission mode, bundling window size and number of carriers). This implies that the number of HARQ-ACK feedback bits may become over-provisioned but it was shown that due to specifics of the channel block code, the eNodeB could utilize its scheduling information to reduce the error probability. Robust UCI feedback should be maintained in Rel-13, however, the number of HARQ-ACK bits will be much larger and therefore it also needs to be considered how to simultaneously achieve low UL overhead and good UCI decoding performance. 
A feature from Rel-10 is also to reduce the UL overhead, e.g., a UE which is configured with PUCCH format 3, transmits with PUCCH format 1a/1b (i.e., as if CA was not configured), if it is scheduled on the PCell only. This releases PUCCH resources and avoids ambiguity during RRC reconfiguration periods, thus it is desirable to keep this feature. A similar principle was adopted for TDD-FDD CA with an FDD PCell, such that PUCCH format 1a/1b is used when the corresponding subframes for HARQ-ACK feedback is of UL type on a TDD SCell. The UL overhead issue is even more serious in Rel-13 when a very large number of serving cells are configured. Specifically, if only a subset of the large number of configured serving cells are activated or scheduled, large UL overhead is consumed by using a new PUCCH format corresponding to the large number of configured serving cells. 
Consequences of carrier aggregation with up to 32 CCs
The main impact of aggregating up to 32 serving cells is foreseen to concern the UCI signaling.
HARQ-ACK feedback
Two main issues are observed regarding the HARQ-ACK feedback:
· The number of combinations with different ACK/NACK payload will increase.
· The maximum ACK/NACK payload will increase.
For the first issue, considering that it is possible to operate a carrier in 8 configurations (7 TDD UL/DL configurations or FDD), the number of unique configurations of 32 serving cells is[footnoteRef:1] 15380937. On top of each configuration, there could be possibly 32 different choices of PCell. Potentially eIMTA could also be operated on some serving cells. Many of these combinations result in different HARQ-ACK payloads, which also vary over subframes. Therefore, at least when TDD serving cells are included, it may become a challenge to even produce specification text capturing whether certain scenarios (number of aggregated cells, UL/DL reference configurations, eIMTA configuration, PCell type, etc.) are supported by certain UCI feedback mechanism. This suggests that one alternative is to specify one new PUCCH format being able provide sufficient feedback capacity for the most demanding case. Nevertheless, all of the configurations will not be practically interesting. Another alternative is therefore to try finding a tradeoff between a maximum payload and specification impact.   [1:  The number of unique sets of size 32 containing elements from an alphabet of size 8 is .] 

For the second issue, it was shown that spatial bundling has negligible throughput losses [6] and it should therefore readily also be applied for Rel-13. The most demanding case in terms of HARQ-ACK feedback involves TDD CA or TDD-FDD CA and would be using a PCell with TDD UL/DL configuration 5 and 31 FDD SCells. That would result in 1*9+31*10=319 HARQ-ACK bits (after spatial bundling) per subframe plus 1 additional bit for SR. Clearly, a new UCI feedback mechanism would be needed to accommodate this if no other bundling technique is introduced. On the other hand, the least demanding case (not being supported in Rel-12) would be FDD CA with 6 serving cells. That results in 6*2=12 HARQ-bits (not using spatial bundling), which could be supported directly by PUCCH format 3. This suggests that in some special cases (e.g., FDD CA), a new PUCCH format would strictly not be needed. If some tradeoff should be sought, it could, e.g., be to consider a maximum payload of 64 bits (or 65 bits with SR), which corresponds to FDD CA with 32 serving cells, not applying spatial bundling. 
The design for UCI feedback with PUCCH on one SCell has to a large extent already been agreed [7]. It remains to determine the two so called “PUCCH cell groups” and associate the UCI in each such group to the corresponding PUCCH. In some cases, this may be fairly easy, e.g., if the maximum number of serving cells would be 16 per PUCCH cell group, FDD CA could be supported with PUCCH format 3 transmission (with spatial bundling). Similarly, the maximum HARQ-ACK payload would reduce to 1*9+15*10=159 bits per PUCCH. On the other hand, due to the enormous amount of combinations, it is not straightforward to arrange or specify the PUCCH cell groups considering TDD CA or TDD-FDD CA, in order to fit the payload into PUCCH format 3. Hence, unless some additional form of bundling is introduced, it seems unavoidable to specify a new PUCCH format even if the UE is capable of PUCCH on SCell, considering TDD CA and TDD-FDD CA. 
Proposal 4. The maximum payload size supported by the new PUCCH format is selected from 65 bits to 320 bits.
 
CSI reports
For periodic CSI on PUCCH, collision-free CSI reporting for different serving cells is possible by means of TDM and, thereto, several rules for CSI dropping have been defined for handling report collisions. Table 1 shows that the periodicity will be 10 ms or more, when configuring more than 5 serving cells for collision-free operation. There is also the possibility to schedule aperiodic CSI reports, so in principle the existing specifications of periodic CSI suffice. On the other hand, there are further restrictions on the reporting period for TDD which could necessitate enhancements. It was previously extensively discussed to report CSI from multiple serving cells per reporting instance. However, it could not be agreed whether to use PUCCH format 3 or PUSCH, so it was never included in Rel-11. One of the concerns was issues for supporting TDD CA. Since then, TDD-FDD CA and eIMTA has also been specified. Hence, it would be meaningless to repeat the discussion before there is a UCI feedback mechanism which is capable of supporting both TDD CA and also TDD-FDD CA. It would be undesirable to specify a new separate UCI feedback mechanism for periodic CSI reporting only and it is preferable to reuse the PUCCH format(s) that will be used for accommodating HARQ-ACK for up to 32 serving cells. 
Table 1. Minimum CSI reporting period on PUCCH without collisions for FDD.
	Number of serving cells
	Minimum period [ms]

	2
	2

	3-5
	5

	6-10
	10

	11-20
	20

	21-32
	32



Proposal 5. If periodic CSI reporting from multiple serving cells in one reporting instance is supported on the PUCCH, it should reuse the HARQ-ACK feedback PUCCH formats. 
For aperiodic CSI on PUSCH, a limitation is that only up to 8 serving cells could be configured for aperiodic CSI reporting, given the size of the RRC configured bitmaps related to the two states of the CSI request field. Another limitation is that in the absence of a transport block (TB), UCI on PUSCH is confined to be transmitted on up to 20 physical resource blocks (PRBs) [8] (i.e., a direct scaling with a factor 5 from 4 PRBs in Rel-8). 
One fundamental decision in Rel-10 was to use a single PUSCH for UCI transmission for UL CA capable UEs. This was mainly to avoid complicated power scaling rules between different UL channels or between a same UL channel with different content. The agreements in [7] do not particularly address UCI on PUSCH. However, in Rel-12, a UE capable of dual connectivity is not mandated to support simultaneous PUCCH/PUSCH within a cell group. Hence, it is envisaged that UCI can at least only be transmitted on a single PUSCH per PUCCH cell group.
Need for carrier aggregation enhancements
 Given the consequences found in Sec. 3, the need for a few potential CA enhancements is discussed below.
HARQ-ACK bundling
There were extensive discussions in Rel-10/11 about bundling in time-domain (among subframes) and frequency-domain (among serving cells) in the context of CA for power-limited UEs but the latter form of bundling was never adopted, while the former exists for TDD only. The focus in Rel-13 may not need to be on power-limited UEs but it would be desirable to perform bundling in Rel-13 as it allows maximum reuse of existing PUCCH formats. On the other hand, it was observed that these two types of bundling may require changes in DCI formats (e.g., DAI for FDD) and modified PUCCH resource reservation. The amount of unnecessary retransmissions could also be excessive (re-transmission probability  for N independent TBs), which could force the eNodeB to lower the throughput (in order to lower the BLER) per transmission. Therefore, further study is needed on the tradeoff between the gains and the complexity of such bundling. However, spatial bundling is needed and should be taken as the default feedback compression method.
Proposal6. Spatial HARQ-ACK bundling is supported. 
· Time-domain and/or frequency domain HARQ-ACK bundling is FFS.
Channel coding
The UCI channel coding schemes from Rel-10 include Reed-Muller (RM) code (up to 11 bits HARQ-ACK or CQI/PMI), dual-RM code (up to 21 bits HARQ-ACK or 15 bits RI) tail-biting convolutional code (CQI/PMI for more than 11 bits). Hence, the convolutional code could support higher payloads and be the first option. It is expected that the coding gain becomes larger since the block length is larger. However, the bit error requirements are typically stronger on the HARQ-ACK bits (e.g., 0.1%) and, depending on what the maximum payload will be, it may be relevant to study block codes other than RM as well.
Furthermore, as mentioned in Sec. 2.2, if the number of HARQ-ACK bits is adapted based on RRC signaling, a large portion of the feedback bits will be redundant, since typically the UE is not scheduled on all the configured serving cells. Hence, it should be considered to reduce the HARQ-ACK payload when possible.
Proposal 7. For UCI channel coding, consider:
· To use the Rel-8 tail-biting convolutional code and/or new block codes.
· To reduce the number of feedback bits associated with non-scheduled serving cells. 
  UCI on PUCCH 
A new UCI feedback mechanism is needed, at least for the very large payloads that arise due to TDD or TDD-FDD CA. A few alternatives for a new PUCCH format for UCI feedback are envisaged.
New PUCCH format based on PUCCH format 3 
PUCCH format 3 transmission on multiple PUCCH resources 
The WID explicitly states to keep the number of different control and signaling formats small. A first option would therefore be to utilize PUCCH format 3 as much as possible. Assuming it carries 21 HARQ-ACK bits + 1 SR bit, e.g., FDD CA with up to 21 serving cells could be accommodated with  PUCCH format 3, assuming spatial bundling is applied. In Rel-10, spatial bundling is not used for FDD CA using PUCCH format 3. However, in Rel-12, for TDD-FDD CA with a TDD PCell, spatial bundling is allowed on FDD SCells. Hence, this form of bundling does not constitute any fundamental change of operation for the Rel-13 eNodeB. 
To further leverage PUCCH format 3 for larger payloads, it could be considered to support transmission on multiple PUCCH resources (this is currently only supported for SORTD capable UEs). Discussions on multi-resource PUCCH transmission took place in Rel-10 and the main disadvantages are increased CM/PAPR if a single power amplifier is used. It is worth noting that the SC-FDMA waveform may already be broken if the UE is capable of simultaneous PUSCH/PUCCH or multi-cluster PUSCH resource allocation. On the other hand, there should be no impact to a SORTD capable UE. Assuming spatial bundling, two PUCCH format 3 resources would be needed to accommodate 32 serving cells for FDD. 
Fig. 1 in Appendix shows that the loss (~0.75 dB @90% PAPR / ~1.24 dB @90% CM) when using 2 rather than 1 PUCCH format 3 resource is larger than the loss (~0.29 dB @90% PAPR / ~0.27 dB @90% CM) when using 3 rather than 2 PUCCH format 3 resources. It suggests that the main issue is whether to support transmission on more than 1 PUCCH resource. The figure also shows that the loss increases when using PUCCH resources in multiple PRBs (e.g., 5 PUCCH resources in each of 3 PRBs, giving a payload of 3*5*22=330 bits). For this case, there could be additional implications from inter-modulation distortion. Thus, at least further study could be performed on using multiple PUCCH format 3 resources within a PRB.
Modified PUCCH format 3
If the single carrier property needs to be kept for the new PUCCH format, an alternative is extending legacy one-PRB-pair PUCCH format 3 to multi-PRB-pair PUCCH format 3. For example, one channel for two-PRB-pair PUCCH format 3 can carry 96 coded HARQ-ACK bits by modulating 24 QPSK symbols and spreading with a 5-length orthogonal cover code (OCC). Note that the multi-PRB-pair PUCCH format 3 and the legacy one-PRB-pair PUCCH format 3 can be configured in the overlapped PRB pairs, as shown in Fig. 2. Such configuration increases the efficiency of resource utilization, which is like the case where 


Figure 1. Configuration for One-PRB-pair and Multi-PRB-pair PUCCH format 3.
PUCCH format 1a/1b and PUCCH 2/2a/2b are mixed in the same RB. In addition, the multi-PRB-pair PUCCH format 3 can also match the design principle to support scalable number of HARQ-ACK bits and efficient UL resource utilization. For example, if a UE is configured with 16 serving cells each with TDD UL/DL configuration #2, a channel of three-PRB-pair PUCCH format 3 is needed to carry the required 64 HARQ-ACK bits. And if another UE is configured with 10 serving cells each with TDD UL/DL configuration #2, a channel of two-PRB-pair PUCCH format 3 is needed to carry the required 40 HARQ-ACK bits. 
New PUCCH format based on PUSCH 
Given the existing issues from Rel-10, where certain TDD CA configurations are not supported, it would be undesirable to again introduce restrictions of CA due to limitations in the UCI feedback mechanisms. As explained in Sec. 3.1, it is difficult to even define what subsets of supported CA configurations should be supported. If a new format is specified, one alternative is to design it for a maximum payload of 320 bits.
A simple approach is to reuse the PUSCH structure as a new PUCCH format, i.e., a DFT-precoded transmission (albeit not using the turbo code). This is also constitutes a future-proof design, considering it would support all kinds of carrier configurations and could be extended by using more PRBs. The maximum code rate for PUCCH format 3 is 22/48=0.46. For the same code rate, we should expect a payload of 132 bits per PRB pair (assuming normal CP, 2 DMRS, QPSK). A separate set of PUCCH resources would be needed and the PRB(s) could be allocated semi-statically given the notion that few UEs are not simultaneously using CA on many serving cells and that load balancing is achieved UE-specific configuration of the UL PCell. Unused PUCCH resources could be reused for the PUSCH at the eNodeB’s discretion.
Proposal 8. Study further the design of a new PUCCH format, including:
· PUCCH format 3 transmission on multiple PUCCH resources within a PRB.
· Multi-PRB PUCCH format 3 by a single DFT which can be multiplexed with legacy PUCCH format 3. 
· PUCCH format based on the PUSCH. 



Figure 2. Different examples of a Rel-13 PUCCH based on the PUSCH, utilizing the DMRS positions of either the PUSCH (a) and b)) or PUCCH format 3 (c)), with or without intra-subframe frequency hopping.
Fig. 2 a), b) and c) illustrate potential structures, using the PUSCH DMRS positions, with and without some form of intra-subframe hopping. Using hopping would provide diversity gains but worse channel estimation performance. If that is an issue, it could be considered to use the DMRS positions of PUCCH format 3, i.e., 4 DMRSs per subframe. 
UCI on PUSCH


As mentioned in Sec. 4.1, new channel coding schemes for UCI on PUSCH are needed. Regarding the DCI size, the 2 aperiodic CSI request bits are sufficient to trigger reports for any desirable combination of serving cells, including asymmetric CA with more DL carriers than UL carriers. Thus the DCI size for UL grants should not change. In order to address configurations up to 32 serving cells, RAN2 only needs to extend the RRC configured bit maps to length 32 corresponding to the trigger states  ‘10’ and ‘11’. However, it then needs to be decided on how many serving cells aperiodic CSI reports can be simultaneously triggered. It seems support for at least 16 simultaneous aperiodic CSI reports is needed, considering there are 2 CSI request bit states. UCI on PUSCH without UL-SCH transmission is enabled for when the CSI request bit field is 2 bits and the allocation is. The size of this allocation may need to be increased pending the maximum number of simultaneously supported aperiodic CSI reports.
Since UL CA should not be a prerequisite for the CA enhancements, the fundamental principles of Rel-10 can be maintained and Rel-13 will have to support UCI multiplexing into a single PUSCH. If the UE is UL CA capable, the existing PUSCH selection rules apply. The existing priority rules of handling collision between different types of CSI reports are also sufficient. It is also preferable to keep the UCI-to-RE mapping structure wherein, e.g., HARQ-ACK bits are multiplexed next to the SC-FDMA symbols containing DMRS.
Proposal 9. For UCI on PUSCH:
· The maximum supported number of simultaneously transmitted aperiodic CSI reports should be determined.
· The Rel-12 CSI request bits, PUSCH selection rules, UCI-to-RE mapping structure and CSI collision handling rules apply. 
Conclusion
The consequences of aggregating up to 32 component carriers was discussed, which led to the following proposals.
Proposal 1. The CA enhancements apply to UEs capable of, and configured with, more than 5 serving cells. Additionally, for TDD serving cells, it is possible to apply the CA enhancements for configurations not supported in Rel-12 when 3, 4 or 5 serving cells are configured.
Proposal 2. PUCCH transmission on an SCell should not be a pre-requisite for supporting up to 32 serving cells.
Proposal 3. Rel-13 CA should not be optimized for a large number of UEs being simultaneously scheduled on more than 5 serving cells. 
Proposal 4. The maximum payload size supported by the new PUCCH format is selected from 65 bits to 320 bits.
Proposal 5. If periodic CSI reporting from multiple serving cells in one reporting instance is supported on the PUCCH, it should reuse the HARQ-ACK feedback PUCCH formats. 
Proposal 6. Spatial HARQ-ACK bundling is supported. 
· Time-domain and/or frequency domain HARQ-ACK bundling is FFS.
Proposal 7. For UCI channel coding, consider:
· To use the Rel-8 tail-biting convolutional code and/or new block codes.
· To reduce the number of feedback bits associated with non-scheduled serving cells. 
Proposal 8. Study further the design of a new PUCCH format, including:
· PUCCH format 3 transmission on multiple PUCCH resources within a PRB.
· Multi-PRB PUCCH format 3 by a single DFT which can be multiplexed with legacy PUCCH format 3. 
· PUCCH format based on the PUSCH. 
Proposal 9. For UCI on PUSCH:
· The maximum supported number of simultaneously transmitted aperiodic CSI reports should be determined.
· The Rel-12 CSI request bits, PUSCH selection rules, UCI-to-RE mapping structure and CSI collision handling rules apply. 
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Figure 2. CM and PAPR for PUCCH format 3 using different number of PUCCH resources.
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