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1 Introduction

The use of a Carrier Indicator (CI) has been agreed for explicitly indicating the component carrier (CC) a DL scheduling assignment for PDSCH transmission or an UL scheduling grant for PUSCH transmission in intended for and thereby enable ICIC on the PDCCH for heterogeneous networks, avoid possible impact of de-sensitization on PDCCH, enable UL-heavy UE-specific carrier aggregation, and enable efficient scheduling for small operating bandwidths.

It was also agreed that the CI inclusion in the DCI formats is semi-statically configured for a UE and that the range of the CI, when configured, is between 1 and 3 bits.   

This contribution discusses the following open issues on the CI configuration

a) the DCI formats that include the CI

b) whether the CI size is fixed or dynamic

c) whether the CI is always needed to enable cross-CC scheduling 
2 Carrier Indicator Aspects
2.1 DCI Formats with CI
The CI is generally applicable to all DCI formats for scheduling assignments of PDSCH reception or PUSCH transmission by a UE (DCI formats 0, 1, 1A, 1B, 1D, 2, and 2A as well as DCI format 2B for dual-layer beam-forming and the DCI format for UL SU-MIMO). 

The more interesting issue regarding the CI presence concerns the DCI formats in the UE-common search space. Clearly, for backward compatibility, DCI formats 1C and 3/3A addressing Rel.8/Rel.9 UEs should not include the CI. However, further consideration is needed whether DCI formats 1C and 3/3A not visible to Rel.8/Rel.9 UEs also need CI support. For example, RAN2 is considering having SIBs be present in CCs without PDCCH in order to have the same mechanism for handling common configuration changes in the cell for any CC (otherwise, transmission of multiple SIBs for correspondingly multiple CCs is needed in one CC which is highly problematic and likely infeasible). This would imply that either DCI format 1C scheduling D-BCH should exist in every CC, which is against the previously mentioned fundamental reasons for introducing the CI, or that CI support is also needed for DCI format 1C for SIB scheduling. In another example, DCI formats 3/3A in a single CC cannot support the inclusion of TPC commands for PUSCH/PUCCH transmissions associated with SPS in multiple CCs. 
Regarding DCI format 0 in the UE-common search space, the CI may be included as the CRC is always scrambled with the C-RNTI. Regarding DCI format 1A in the UE-common search space, the CI inclusion depends on whether the CRC is scrambled with the C-RNTI or with the SI/P/RA-RNTI (i.e. on the purpose of DCI format 1A). 

A first option is to not specify anything regarding the CI inclusion in DCI format 1A in the UE-common search space. 
A second option which may lead to some reduction in the number of blind decoding operations is to only allow the use of DCI format 1A (and therefore of DCI format 0) without the CI, regardless of whether the CRC is scrambled with the C-RNTI or the SI/P/RA-RNTI. Because of the duality between DCI format 0 and DCI format 1A and because the size of DCI formats 3/3A is equal to the size of DCI format 0, the second option also preserves this Rel.8 design. Further, considering the CCE limitation in the Rel.8 UE-common search space (and even shortage in case it also supports DCI formats 1C and 3/3A with CI), there is no practical loss in scheduling flexibility by not allowing support of CI.  
A third option suggested in [1] is to scramble the CRC with the C-RNTI for DCI format 1A with CI and with the SI/P/RA-RNTI for DCI format 1A without CI. However, this option is not beneficial as it does not practically improve scheduling flexibility while it introduces 6 additional blind decodings and non-backward compatible behavior (Rel.8 UEs are likely supported in the CC having the PDCCH transmission using the CI) and does not preserve the Rel8 property of having the sizes of DCI format 0 and DCI formats 3/3A be equal.

Proposal: CI inclusion is enabled in DCI formats 0, 1, 1A, 1B, 2, 2A, 2B and for additional DCI formats defined in Rel.10 that perform scheduling assignments for PDSCH reception or PUSCH transmission at the UE.
Proposal: CI inclusion for DCI formats 1C and 3/3A should be further considered.

Proposal: The transmission of DCI formats 0 and 1A in the UE-common search space corresponding to the DL CC with the PDCCH transmission is as in Rel.8 without CI.

2.2 CI Configuration and Size 
The current assumption regarding the CI size is that it may vary between 1 and 3 bits. It is also unspecified whether the inclusion of CI in DCI formats is cell (CC) specific or UE-specific.
Clearly, the CI needs to be UE-specific as backward compatibility should be maintained and some UEs may only receive PDSCH in the CC with the PDCCH transmission (or transmit PUSCH in the UL CC linked to the DL CC with the PDCCH transmission).

Regarding the CI size, the tradeoff between having a variable, UE-specific, CI size versus having a fixed CI size can be summarized as follows. A variable CI size results to minimum size for the respective DCI format (minimizes the CI-associated overhead) while a fixed (maximum) CI size often results to unnecessary overhead. Conversely, a variable CI size results to four possible sizes for each CI-supported DCI format (for CI of 0, 1, 2, 3 bits) instead of two possible sizes (for CI of 0 or 3 bits) and it may result to a larger number of DCI formats with the same size which will then require padding to avoid the ambiguity (for a decrease in the overhead reduction benefit). 
As with all tradeoffs, the decision will have both positive and negative implications. While the minimization of the size of DCI formats (and therefore of the PDCCH overhead) should remain a paramount objective, having a fixed CI size of 3 bits introduces a maximum additional overhead of 2 bits while reduces the number of possible DCI format sizes by 50%. Such simplification is worth a maximum additional overhead of 2 bits. 

Proposal: CI configuration is UE-specific. 

Proposal: The CI size is always 3 bits. 

The interpretation of the CI values can be according to the CC index. Depending on how a UE is configured the CCs for PDSCH reception and PUSCH transmission, additional signaling for interpreting the CI values may not be necessary. For example, the CI may address the CCs a UE is configured according to increasing carrier frequency. As the UE capability may be such that the UE receives/transmits in a smaller number of DL/UL CCs than supported in a cell, the mapping of CI values to CCs should be UE-specific.

For seamless transition between Rel.8 and LTE-A, it should be further considered whether DCI formats for PDSCH reception in the same DL CC or PUSCH transmission in a linked UL CC should contain the CI. This is because the requirement to have the same size between DCI format 0 and DCI formats 3/3A implies that, for Rel.8 compatibility, the CI cannot be included in DCI formats 0/1A transmitted in the UE-common search space into maintain backward compatibility. In order to maintain the capability of scheduling UEs with DCI formats 0/1A transmitted in the UE-common search space, the CI should not be included in the DCI formats corresponding to PDSCH reception in the same DL CC (or PUSCH transmission in a linked UL CC). Note that this condition is not required for other DCI formats.
Proposal: The CI is not included in DCI format 1A scheduling PDSCH reception in the same DL CC. The CI is not included in DCI format 0 scheduling PUSCH transmission in an UL CC linked to the DL CC of the DCI format 0 transmission.
2.3 Carriers with Different Bandwidths 
The CI inclusion in the DCI formats is in principle not needed when cross-carrier scheduling is between CCs with different BW. However, due to different DCI format sizes, ambiguity may occur between DCI format 1A (fall-back) and another DCI format corresponding to a different transmission mode. The same will occur between DCI format 0 and the DCI format for UL SU-MIMO (it is assumed that PUSCH transmission over non-contiguous RBs in one CC will re-use DCI format 0). The following analysis focuses on the DL but it can also be extended for the UL (after the DCI format for UL SU-MIMO is defined).
The number of information bits in the DCI formats (including padding bits to avoid ambiguous DCI format sizes in Rel.8) is summarized in Table 1 for the Rel.8 BWs (CRC bits are not included). DCI formats (other than 1A) for a smaller CC bandwidth having the same size as DCI format 1A for a larger CC bandwidth as highlighted as are summarized below:
a) {1B/1D at 1.4/3/5/5/10 MHz} have same size as {1A at 3.0/5/10/15/20 MHz}, respectively
b) {1 at 5/5 MHz} has the same size as {1A at 10/15 MHz}

c) {2A at 1.4 MHz} has same size as {1A at 20 MHz}
d) {2B at 1.4 MHz} has same size as {1A at 5 MHz}

It is observed that the number of DCI formats (other than 1A) at a smaller BW having the same size as DCI format 1A at a larger BW is small and is practically limited to DCI formats 1B and 1D. This size ambiguity can be resolved as in Rel.8 and padding bit(s) can be applied to the DCI formats (other than 1A) when a UE is configured a transmission mode supported by these DCI formats and is also configured cross-carrier scheduling between CC having BWs leading to size ambiguity. Clearly, padding will be rarely needed and when it does, it will only apply to a small sub-set of UEs and to a small sub-set of DCI formats.
Table 1: Number of Information Bits for DCI formats at different BWs.
	 
	1.4MHz
	3MHz
	5MHz
	10MHz
	15MHz
	20MHz

	Format 0/1A
	21
	22
	25
	27
	27
	28

	Format 1
	19
	23
	27
	31
	33
	39

	Format 1B
	22
	25
	27
	28
	29
	30

	Format 1C
	8
	10
	12
	13
	14
	15

	Format 1D
	22
	25
	27
	28
	29
	30

	Format 2
	31
	34
	39
	43
	45
	51

	Format 2A
	28
	31
	36
	41
	42
	48

	Format 2B
	25
	28
	33
	38
	39
	45

	Format 3/3A
	21
	22
	25
	27
	27
	28


If the CI is always included in the DCI formats, regardless of the BWs of the CCs involved in cross-carrier scheduling, DCI format ambiguity will still occur as there are several DCI formats (other than 1A) for smaller CC BWs having the same size as DCI format 1A for larger CC BWs. The ambiguous DCI format sizes are highlighted in Table 2 assuming a 3-bit CI (the two possible sizes for DCI format 1C and DCI formats 3/3A correspond to the possibility of including or not the CI in these DCI formats). 

This issue of ambiguous DCI format sizes was also identified in [2] and the suggestion for resolving it was to always put the bits for the CI IE in the beginning of the DCI formats (the end of the DCI formats will also suffice).
Table 2: Number of Information Bits for DCI formats at different BWs with inclusion of 3-bit CI.

	 
	1.4MHz
	3MHz
	5MHz
	10MHz
	15MHz
	20MHz

	Format 0/1A
	23
	25
	27
	29
	30
	31

	Format 1
	22
	27
	30
	34
	36
	42

	Format 1B
	25
	28
	29
	31
	33
	33

	Format 1C
	8 or 11
	10 or 13
	12 or 15
	13 or 16
	14 or 17
	15 or 18

	Format 1D
	25
	28
	29
	31
	33
	33

	Format 2
	34
	37
	42
	46
	48
	54

	Format 2A
	31
	34
	39
	43
	45
	51

	Format 2B
	28
	31
	36
	41
	42
	48

	Format 3/3A
	21 or 23
	22 or 26
	25 or 27
	27 or 29
	27 or 30
	28 or 31


To avoid the overhead associated with the CI, the inclusion of the CI IE in the DCI formats is not necessary when the cross-carrier scheduling is among CCs with different BWs. In the relatively rare occasions of DCI format ambiguity, padding bits can be appended as in Rel.8. 
Proposal: The CI is only used to differentiate among CCs having the same BW. 

3 Conclusions

This contribution considered aspects for the configuration of the Carrier Indicator (CI) Information Element (IE) and proposes the following:

a) CI inclusion is enabled in DCI formats 0, 1, 1A, 1B, 2, 2A, 2B and for additional DCI formats defined in Rel.10 that perform scheduling assignments for PDSCH reception or PUSCH transmission at the UE.
b) CI inclusion for DCI formats 1C and 3/3A should be further considered.
c) The transmission of DCI formats 0 and 1A in the UE-common search space corresponding to the DL CC with the PDCCH transmission is as in Rel.8 without CI.
d) CI configuration is UE-specific. 
e) The CI size is always 3 bits. 
f) The CI is not included in DCI format 1A scheduling PDSCH reception in the same DL CC. The CI is not included in DCI format 0 scheduling PUSCH transmission in an UL CC linked to the DL CC of the DCI format 0 transmission.
g) The CI is only used to differentiate among CCs having the same BW.
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