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1
Introduction

In RAN1#59bis, following was agreed about the carrier indicator field (CIF) and cross carrier scheduling:
· CIF mapping to CCs:

· The mapping from CI values to CCs for each CC enabling CIF is UE specific

· CI to CC mapping is configured by RRC

· At least one carrier should operate during reconfiguration of the CI-to-CC mapping

· The following two behaviours are FFS (try to resolve to next meeting): 

· Each PDSCH/PUSCH CC can be scheduled only from a single DL CC, i.e. the UE only monitors PDCCH on one DL CC for each PDSCH/PUSCH CC
· For any DL carrier with CIF where the UE monitors PDCCH, PDCCH on the DL carrier shall be able to schedule PDSCH at least on the same carrier and/or PUSCH on a linked UL carrier

· Support scheduling a PDSCH/PUSCH CC from more than one DL CC

· For a given UE, each PDSCH/PUSCH CC can be scheduled only from a single DL CC in a given subframe in carrier aggregation scenario

· For any DL carrier with CIF where the UE monitors PDCCH, PDCCH on the DL carrier shall be able to schedule PDSCH at least on the same carrier and/or PUSCH on a linked UL carrier

· This shall not increase the number of PDCCH blind decodes and or the PDCCH CRC false detection rate compared to a system not having CIF 

· Note that other  behaviours are not precluded from the discussion. 

· Inclusion of CIF in DCI formats:

· DCI formats do not have CIF when CRC is scrambled by P-RNTI, RA-RNTI or TC-RNTI 

· SI-RNTI is FFS

· DCI formats 0, 1, 1A, 1B, 1D, 2, 2A, 2B in UE-specific search space may contain CIF (still to be decided) when CRC is scrambled by C-RNTI/SPS C-RNTI

· Inclusion of CIF in DCI formats 0, 1A in common search space when CRC is scrambled by C-RNTI is FFS

· Format 3/3A: FFS

Looking into the details of CIF raises a question about different use cases of CIF and especially the consequent number of blind decoding attempts. Excessive required number of blind decoding attempts may obviously become a burden on the UE, and also the probability of false positives may increase when the number of blind decoding attempts is increased. In this contribution we discuss the two behaviours for cross carrier scheduling, which were identified in RAN1#59bis as well the limitations to number of blind decoding attempts from cross-CC scheduling perspective. We also discuss the support of different TX modes on different component carriers.
2
Limit on the number of blind decoding attempts
In Release 8, the approach to design the control channel with blind decoding limitations was such that first the number of blind decoding attempts was restricted to be in a certain range, and then further control design was based on this baseline assumption. It seems that the same kind of an approach could be suitable also in Release 10 design as there are multiple issues affecting the number of blind decoding attempts, one of them being carrier aggregation and especially cross-carrier scheduling.

Regarding suitable limitation on the number of blind decoding attempts, it is noted that in order to be able to meet the processing time requirements in decoding PDSCH transmissions from multiple component carriers, the UE turbo decoding capabilities will need to evolve from Release 8/9. To be more precise, the decoding speed will need to evolve approximately linearly with the number of component carriers. It is then fairly safe to assume that also the capability to decode PDCCH convolutional codes will evolve at least in a likely manner. This leads us to the number of N x 44 blind decoding attempts where N is the number of DL component carriers supported by the UE. It is noted that uplink features do not necessarily require additional blind decoding attempts 
Also, for baseline component carrier aggregation case without cross-CC scheduling, with current RAN1 assumptions the UE will need to be able to perform N x 44 blind decoding attempts where N is the number of DL component carriers supported by the UE. Increasing this number because of cross-CC scheduling so far does not seem justified as will be discussed later in this contribution, or in other words, cross-CC scheduling should not impact the requirements on blind decoding.
Proposal: Set an upper bound on the number of blind decoding attempts to be assumed in Release 10 control channel design. Consider N x 44 as baseline for this bound (N is the number of DL component carriers supported by the UE).
Regarding the probability of false positive DL/UL grant detection, while with the proposed number N x 44 the probability of false positive per UE clearly increases compared to Release 8/9, we may consider that the eNB most likely would be allocating multiple component carriers to the UE only in case where only a limited number of UEs is active in the cell. Hence the increase in the total probability of false positive within the cell may not be impacted much. Note that in fact the probability of false positive per CC equals the Release 8/9 probability of false positive.
It is noted that if the proposed number N x 44 is still considered too high, there are some possible ways to reduce the number of blind decoding attempts without extra limitations on functionality, for example by decoupling this number from the number of different DCI format sizes that the UE is supposed to be monitoring [2], or by unifying the DCI format sizes to some extent [3].
3
Blind decoding with cross-CC scheduling
In previous meetings, several contributions have addressed the issue of cross-CC scheduling when the component carriers have different bandwidths and/or when the UE is configured to different transmission modes on different component carriers [4]-[7]. Regarding different bandwidths, the need to support those is very clear as such scenarios are already even included in the RAN4 prioritized deployment scenarios. Regarding different TX modes, no agreement was reached so far. The use cases of different TX modes mainly seem to arise in case component carriers from different frequency bands are aggregated. Even though, one might still argue that in principle from coverage or SINR perspective different TX modes might not be necessarily needed as each downlink TX mode anyway has TX diversity as a fallback mode with DCI format 1A, and also the MIMO transmission modes 4 to 6 always have the single-user MIMO rank-1 transmission possibility for coverage-limited case. Hence from this perspective, different TX modes seem to mainly serve as a performance-optimizing feature. However, implementing RF chains may be more challenging e.g. for lower frequency bands, hence there is clearly some motivation to allow different number of TX branches on different component carriers. This implies also the need for different TX modes. The rest of this contribution is based on the assumption that configuring the UE to different TX modes on different component carriers is supported. But, it is noted that still clearly there are TX mode combinations that do not make sense – hence in order to limit the number of options one should consider defining some limitations on which TX mode combinations are supported.
Proposal: Support different TX modes on different component carriers. Discuss possible limits on the different combinations.
However, as mentioned in several earlier contributions, different bandwidths and different TX modes imply different DCI format sizes, and hence possibly increased blind decoding effort in case of cross-CC scheduling. However, to see the actual increase in blind decoding burden, one needs to look at possible cross-CC scheduling configurations. Figure 1 shows two extreme cases:
-
In case A) full flexibility in cross-CC scheduling is allowed, i.e. any PDSCH/PUSCH can be scheduled from any DL CC.

-
In case B) each PUSCH/PDSCH can only be scheduled from one potentially UE-specific DL component carrier configured by higher layers. 
Obviously, as also outlined in [5], there are also other possible configurations between these two, and these two examples hence mainly present the two extremes.
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Figure 1. Two extreme cases of possible cross-CC scheduling configurations.
Approach A

In case of approach A, the worst case is that on each DL CC the UE needs to monitor DCI formats of multiple different sizes, due to different bandwidths per CC or due to different TX modes or both. Then, clearly the number of blind decoding attempts is no longer “only” linearly increasing with the number of component carriers. Hence supporting such full flexibility without any limitations does not seem acceptable from blind decoding perspective. Possible solutions to overcome the increased number of blind decoding attempts have been mentioned:
- 
Zero-padding of the DCI formats such that their sizes are matching. Considering different TX modes, e.g. SIMO TX mode 1 and closed-loop MIMO TX mode 4, the difference between the sizes of the monitored DCI formats may be very large, especially if also the bandwidths are different. Hence zero-padding is in general a very inefficient solution as also pointed out in [6]. On the other hand, DCI formats 0 and 1A that are independent of the transmission mode and have the compact resource allocation format could potentially be zero-padded since their size differences for different bandwidths are tolerable. For example, between 5 MHz and 20 MHz the size difference is 4 bits.
-
Changing the resource allocation granularity is another possibility to match the DCI format sizes. In the same way as zero-padding, this solution should be limited to cases where the size difference is small, e.g. format 0/1A with different bandwidths.
Hence, we observe that matching the sizes should be considered only for DCI formats 0 and 1A that are independent of the transmission mode. 
We note that the payload size of the DCI formats carried in the common search space may be kept unchanged [8][9] even if cross-CC scheduling is allowed in UE-specific search space. Then, considering that sizes of format 0/1A in UE-specific search space could potentially be matched for different BWs as described above, it is only the transmission mode –dependent DCI formats transmitted in the UE-specific search space that are increasing the number of blind decoding attempts beyond the baseline of N x 44. To be specific, with N component carriers, the worst case number of blind decoding attempts is then
-
N x (2x6 + 16 + N x 16) = N x 28 + N2 x 16 in case there is one TX mode –dependent DCI format being monitored in the UE-specific search space. This is for the worst case that the TX mode –dependent DCI formats have a different size for each component carrier.
-
N x (2x6 + 16 + N x 2 x 16) = N x 28 + N2 x 32 in case there are two TX mode –dependent DCI formats being monitored in the UE-specific search space. This is considering the introduction of new uplink features which may potentially require DCI formats of different size, even though it is noted that there are ways to handle the new UL features without new DCI format sizes [1].
Hence, the number of blind decoding attempts is not linearly increasing with N, but quadratically. This will clearly become a problem at least with N>2, or with any N if even one new DCI format size is needed for UL features.
Approach B
In case of approach B, when the UE is configured for transmission/reception on multiple DL/UL component carriers, it is also simultaneously configured with exactly one PDCCH-carrying CC per each configured DL/UL CC. In other words, each DL/UL component carrier carrying PDSCH/PUSCH may be scheduled only from one pre-defined/configured DL CC. Note in this case the DL CCs on which the UE is monitoring the PDCCH also comprise the PDCCH monitoring set. 

Clearly in this case the baseline number of blind decoding attempts N x 44 should be sufficient, even if the component carriers have different bandwidths or if different transmission modes are utilized on different component carriers – the UE is simply looking for the grants from another DL CC which has no impact on the number of blind decoding attempts.
The main problem of approach B is that the size of the UE-specific search space may become a limiting factor. If this is really seen as a major drawback one might consider e.g. increasing the size of the UE-specific search space on a PDCCH CC according to the number of corresponding DL/UL CCs. Note that PDCCH capacity is also problematic in this case, however that is not a problem of approach B but rather a problem of cross-CC scheduling in general.
Discussion

Some of the main use cases of cross-CC scheduling that have been mentioned are: 

-
Mitigating the control channel coverage limitations of low BW component carriers [7], i.e. by scheduling low BW CCs from another higher BW component carrier that has better control channel coverage due to higher frequency diversity.

-
Potential support of PDCCH-less extension carriers for purposes of improved interference-tolerance e.g. in heterogeneous networks. Note that this use case requires also synchronizing the eNBs. However, see also [10].
-
Decreasing PUCCH/PHICH overhead: When UE is given DL grants with cross-CC scheduling, there is no need to reserve additional PUCCH resources from other UL CCs than the one linked with the PDCCH-carrying DL component carrier. The needed ACK/NACK resources are implicitly allocated from the PUCCH corresponding to the PDCCH-carrying CC. Similarly, as per RAN1#58bis agreement “PHICH transmitted only on the DL CC that was used to transmit the UL grant”, the PHICH overhead on DL CCs not used for transmitting UL grants can be minimized.
-
Uplink-heavy carrier aggregation configurations, i.e. cases where the UE has been configured with more UL CCs than DL CCs. In this case the carrier indicator field is needed.

-
Load balancing of PDCCH in case of uneven traffic among CCs.
-
Avoiding PDCCH transmission on DL CCs that are close in frequency to UL CCs to avoid desensing the receiver.
It is noted that all the above use cases can be very well supported with approach B. In fact, approach A does not necessarily allow reduction in PUCCH/PHICH overhead – in fact quite the contrary as the PUCCH/PHICH overhead needs to be dimensioned for the worst case [5]. The main potential benefit of approach A seems to be increased PDCCH scheduling flexibility. However, it is questionable whether such additional flexibility compared to Rel’8 PDCCH scheduling flexibility is needed. Furthermore, on the other hand approach A also requires additional PDCCH scheduling complexity. Hence, adopting approach B would seem like a good way forward, and would also solve the issues regarding the number of blind decoding attempts when cross-CC scheduling is utilized.
Proposal: Allow scheduling of each PDSCH/PUSCH CC only from a single DL CC.

If such a limitation on cross-CC scheduling operation is deemed unacceptable, there are also possible other ways to deal with the blind decoding burden:
-
As mentioned, sizes of DCI format 0/1A for different BWs could be matched with each other either by padding or by changing the resource allocation granularity.

-
Cross-CC scheduling could be allowed only in a subset of the PDCCH monitoring set, or the size of the PDCCH monitoring set could be limited when cross-CC scheduling is utilized. Note that it is also possible to find cases between our approaches A and B [5].
4
Conclusions

In this contribution we have addressed the impact of cross-CC scheduling on the UE blind decoding burden. 

We first proposed that, similarly to the Rel’8 approach, RAN1 agrees on an upper limit on the number of blind decoding attempts to be followed in the Rel’10 control channel design. The proposed baseline number was N x 44 attempts where N is the number of DL component carriers supported by the UE.

Proposal: Set an upper bound on the number of blind decoding attempts to be assumed in Release 10 control channel design. Consider N x 44 as baseline for this bound (N is the number of DL component carriers supported by the UE).
Then we discussed the impact of different bandwidths and different TX modes on blind decoding when cross-CC scheduling is in use. Here, it seems that different TX modes on different component carriers are needed:
Proposal: Support different TX modes on different component carriers. Discuss possible limits on the different combinations.

Finally, we discussed two extreme approaches to operating cross-CC scheduling, assuming that CCs may be operated both with different bandwidths and with different TX modes. We have concluded that from blind decoding perspective allowing full flexibility (approach A) is not acceptable, and that approach B seems to support the main use cases of cross-CC scheduling well enough. 
Proposal: Allow scheduling of each PDSCH/PUSCH CC only from a single DL CC.

We also discussed some alternative ways of addressing the issue in case approach B is seen as too limiting.
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