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1 Introduction

The aperiodic CSI reporting should in LTE-Advanced be extended to carrier aggregation. This includes two sub-problems;

1. Triggering of aperiodic reports

That consists of triggering the reports and determining which DL CC(s) that should be reported.

2. Transmission of aperiodic reports

That consists of scheduling an UL CC for transmitting the report.

In Rel-8, aperiodic reports are triggered and scheduled through the CQI request bit in DCI Format 0. This principle may need to be extended considering asymmetric carrier aggregation, cross-carrier scheduling and carrier activation/deactivation mechanism. This contribution discusses the above issues and lists some solutions. 
2 Issues for aperiodic CSI reporting
The general principle of carrier aggregation so far has been a modular design, e.g., the operation is as much as possible independent (separate transmission modes, HARQ processes, control channels etc.) among CCs. It is therefore relevant to support aperiodic CSI reporting on each CC, since considering collisions of UCI on the PUCCH, or vastly different CC characteristics as in HetNets, just relying on periodic CSI reporting on some CCs may be too restrictive. The only merits of not supporting aperiodic CSI on some CCs may potentially be simplifications in the RRC signaling, however, we find that of less importance in comparison. Hence, it is proposed that aperiodic CSI can be reported for any activated DL CC. 
Proposal 1: Aperiodic CSI reporting is supported for any activated DL CC.
To maximally reuse the Rel-8 mechanism it is further proposed that aperiodic reports are triggered by a CQI request bit in the UL grant. For simplicity, regardless if it is Format 0 or a new UL DCI format and on which CC the UL grant is transmitted, every UL DCI format should have one CQI request bit. Moreover, as identified in Sec 2.1, triggering aperiodic CQI reporting by the carrier activation MAC CE could be considered in LTE-A..
Proposal 2: A CQI request bit is included in all UL grants.

· MAC based triggering could be considered..
2.1 Triggering of aperiodic reports 
The first problem is triggering and determining for which DL CC the report should be provided for. In Rel-8 only one carrier is active so this issue does not exist and triggering is merely done by setting the CQI request bit positive in the UL grant in the PDCCH. 
If the number of UL and DL CCs is the same and cross-carrier scheduling is not configured, the Rel-8 triggering method can be directly reused for scheduling reports for each CC individually. However, with carrier aggregation, a number of other implications may arise, e.g.: 

· DL CCs not monitored for UL grants
In order to reduce blind PDCCH decoding, a UE configured for cross-carrier scheduling only monitors PDCCH on one DL CC for each PDSCH/PUSCH CC. A consequence is then that the UE may not necessarily monitor the PDCCH on the DL CC for which the aperiodic report should apply. Furthermore, RAN2 agreed [1] that:

UL grant received in DL SCCx without CIF is for tx on UL CC indicated in SIB2 on DL-SCCx. If this UL CC is not configured for this UE, the grant is ignored by the UE.

Thus even without cross-carrier scheduling, a UE may not monitor all activated DL CCs for UL grants, in case asymmetric carrier aggregation is configured. 

Hence, it may become an issue how to trigger aperiodic reports for non-monitored DL CCs, and means for cross-carrier triggering CSI reports should be considered.
· UEs configured for cross-carrier scheduling
If the UE is configured for cross-carrier scheduling, certain DL CCs will not be monitored for UL grants. Although the problem is introduced by the cross-carrier scheduling, it could also be solved by that the aperiodic CSI reports can be cross-carrier triggered, i.e., a positive CQI request in the UL grant PDCCH on a DL CC can trigger the aperiodic CSI reporting for another of the activated DL CCs. This would essentially solve the problem. With cross-carrier scheduling, it is an open issue for which DL CC the aperiodic report should be provided, as the CIF bits in DCI Format 0 refer to the UL CC used for the PUSCH transmission. 
Hence, usage of CIF bits in conjunction with a positive CQI request could be considered for scheduling of aperiodic reports.
· UEs not configured for cross-carrier scheduling
Without being configured for cross-carrier scheduling, if the DL CC is linked to an UL CC, i.e., a PUSCH can be scheduled from its PDCCH, the aperiodic CSI report could be scheduled by a PDCCH located on the same DL CC for which it applies and the report would be transmitted on the linked UL CC. If each DL CCs is linked, the Rel-8 aperiodic triggering principle can be maintained and it would be up to the eNodeB to assure that only one PUSCH contains an aperiodic CSI report in a subframe. If a DL CC is not linked, no UL grants can be transmitted and the CSI reports must also in this case be scheduled by a PDCCH from another DL CC, i.e., somehow be cross-carrier scheduled.
Hence, the question how to handle DL SCCs which do not have any corresponding UL SCC configured should be addressed for scheduling of aperiodic reports.

The problems in the above two bullets necessitate that the UL grant used for triggering may be transmitted on a DL CC different from the one DL CC that should be reported, i.e., aperiodic CSI reports among activated CCs can be cross-carrier triggered.
Proposal 3: Aperiodic CSI reports can be cross-carrier triggered. 
· Instant channel reporting upon carrier activation
In Rel-10, carrier activation/deactivation is introduced in order to save power and MAC signaling will be used to activate/deactivate carrier. It is reasonable to assume that activation of a DL CC is due to a traffic burst or for increasing DL transmission data rate, so the eNodeB may need to quickly schedule the carrier which is just activated. However, the deactivated carrier would not have CQI like measurement. If the eNodeB gets the channel quality by receiving periodic CSI reports after activating the carrier, it would take a long time to obtain a channel quality report, especially when the number of DL CCs configured to the UE is large and reporting CQI instances for the configured DL CCs are set by TDM. For example, for periodic CQI report mode 2-1 for a DL CC with 20MHz bandwidth and 5 ms reporting periodicity, it would at least take the eNodeB 25 ms to get the whole channel quality, and in the worst case up to 20 ms to get the wideband CQI, even if only one full cycle of bandwidth parts for subband CQI report is used.  
Thus relying on the periodic report will result in that the eNodeB is unable to efficiently schedule the just activated carrier instantly and an aperiodic report may be needed upon carrier activation. Since an aperiodic report must anyway be assumed when activating the carrier, it could be considered to trigger the aperiodic CSI reporting using the carrier activation MAC CE with possible grant information etc. in it, which may thereto save PDCCH overhead. If UE receives the carrier activation MAC CE in subframe n, it would report the aperiodic CQI in subframe 
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, considering the Rel-8/9 ACK/NACK timing delay of 4 subframes and the CSI reporting delay,
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 corresponds to a valid uplink subframe. For FDD, 
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 is equal to 4, so the UE can report the aperiodic CSI in subframe n+8. If the aperiodic CSI reporting for the just activated carrier is triggered by the UL grant after activating the DL carrier instead of carrier activation MAC CE, the earliest subframe to report the aperiodic CSI is n+12 as shown in Fig. 1.     
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Figure 1. Timing relationship between the activation command and aperiodic CSI reporting. 
Table 1 shows the time delay for eNodeB to obtain the wideband CSI report of an activated DL carrier. For the solution based on periodic CSI, we consider the case of periodic CQI report mode 2-1 for a DL CC with 20 MHz bandwidth and 5 ms reporting periodicity. 
Table 1. Solution comparison   

	
	Time delay
	PDCCH overhead

	Based on periodic CSI
	8 ms to 28 ms
	None

	Based on aperiodic CSI triggered by UL grant 
	12 ms
	Increase PDCCH overhead

	Based on aperiodic CSI triggered by carrier activation MAC CE
	8 ms
	None


Hence, triggering aperiodic CSI reporting by the carrier activation MAC CE could be considered in LTE-A.
· Triggering of single or multiple aperiodic reports
If a CSI report is associated with a PDCCH transmission, it could be considered to trigger multiple aperiodic reports from one PDCCH so that PDCCH overhead for requesting aperodic CSI can be saved. Multiple reports would thus be contained in one PUSCH transmission. This may be applicable regardless if the UE is configured for cross-carrier scheduling, or not. In some cases, the payload from UCI of multiple CCs may be excessive. For example higher-layer configured subband CQI, 5 DL CCs of 20 MHz using TM4, 4TX and rank>1, result in 330 UCI bits. With QPSK and code rate 0.25, that would correspond to ~5 RBs. The reduced PDCCH overhead may thus come at the expense of large PUSCH allocations and overhead. Hence, it cannot generally be assumed that aperiodic reports from all activated CCs can always be triggered and transmitted together. 
However, since aperiodic reporting is fully under the eNodeB control, the ability to include CSIs of multiple CCs into one report may still be considered. For example, multiple CCs within the same band or with the same transmission mode may transmit CSI in one aperiodic report. This will be efficient and offer rapid CSI feedback since reporting aperiodic CSIs of multiple DL CCs in a subframe can be carried in only one PUSCH.
If multiple aperiodic CSI reports is feasible, a first issue is the number of triggers for aperiodic CSI. If multiple triggers in multiple UL grants are supported in one sub-frame, these UL grants will carry almost same information since they schedule the same PUSCH. Hence, multiple positive CQI request bits in multiple UL grants do not need to be supported since it results in unnecessary increase of PDCCH overhead. Besides, extra efforts on handling UL grant miss will be needed. Upon a miss of an UL grant, the eNodeB would still expect the report to contain CSI from all CCs that were triggered. Thus, if multiple reports should be transmitted in one PUSCH, the triggering should not require multiple PDCCHs. Hence, it is proposed that,
Proposal 4: At most one UL grant may contain a positive CQI request bit in one sub-frame.
2.2 Transmission of aperiodic reports

The second problem is in which CC the aperiodic CSI report should be transmitted. It is agreed that only one PUSCH can carry UCI in a given subframe, but one issue is whether the transmission of aperiodic reports should be constrained to a pre-defined fixed CC, e.g., the UL PCC. RAN2  decided not to introduce separate activation/deactivation procedure for UL component carriers, i.e., a UE is required to be able to transmit PUSCH transmissions on any configured UL CC when scheduled on PDCCH. Considering that the aperiodic reports are scheduled, there is no fundamental principal difference if it is data or CSI information contained in the PUSCH; the UE must be able to transmit PUSCH in any activated CC. Restricting it to the PCC would also severely limit the triggering possibilities, as there would then have to be a linkage between the triggering PDCCH and the PCC. The discussions for UCI on PUSCH also concluded that UCI could be multiplexed into an SCC. Therefore, we see no merit of constraining the transmission of aperiodic CSI reports to the PCC and it should be allowed to transmit also on an SCC. 
Proposal 5: Aperiodic CSI reports can be transmitted on any component carrier.
By not constraining transmission to the PCC, the aperiodic reports could be transmitted in a carrier being associated with the triggering PDCCH, e.g., the UL CC that is SIB-2 linked to the DL CC containing the PDCCH with the CQI request. Such predefined rule may also be applied even if the UE is configured for cross-carrier scheduling and the grant contains CIF bits, which is in accordance with the agreement that: “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.” Moreover, if cross-carrier scheduling is configured, an even larger flexibility may be provided and the allocation of UL CC used for transmitting the report can be indicated by CIF bits in the UL grant. 
Proposal 6: Aperiodic CSI reports can be transmitted in the UL CC being SIB-2 linked to the DL CC carrying the triggering PDCCH, or according to CIF bits.
Considering the aperiodic CSI reporting triggered by carrier activation MAC CE; if the carrier activation MAC CE is transmitted on the DL PCC, it is natural to transmit the aperiodic report on the UL PCC, otherwise it can be transmitted on the UL CC linked to the DL CC on which the carrier activation command is transmitted. Alternatively, it could be transmitted on the UL CC linked to the DL CC on which the PDCCH corresponding to the carrier activation MAC CE is transmitted.  However, considering that certain DL SCCs may not have any corresponding linked UL CC, transmitting the aperiodic report triggered by the carrier activation MAC CE on UL PCC would be slightly preferred, regardless of on which carrier the carrier activation MAC CE is transmitted.
3 Solutions for aperiodic CSI reporting
A number of triggering and transmission solutions can be envisaged. 
3.1 Explicit triggering

This type of scheme utilizes explicit bits, either new or existing, contained in the UL grant for report triggering in conjunction with the CQI request bit, see, e.g., [2]. A field of 3 bits would suffice to address 5 DL CCs. Thus in conjunction with a positive CQI request bit, the DL CC for which the report should be provided may be indicated by the 3 bits. The report could then be transmitted in the PUSCH of the UL CC being SIB-2 linked to the DL CC containing the triggering PDCCH. If 3 new bits are introduced, they may be set to a pre-defined value if the CQI request bit is 0 and thus act as a virtual CRC. If the UE is configured for cross-carrier scheduling, no new bits may need to be added as the 3 CIF bits may be applicable also for report triggering. Also in this case, a rule could be that the report is transmitted in the PUSCH of the UL CC being SIB-2 linked to the DL CC containing the triggering PDCCH.
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Figure 2. Example where the aperiodic report for DL CC ‘001’ is triggered from DL CC ‘000’ and is transmitted on UL CC ‘000’.
In Fig. 2, one cross-carrier scheduling example is shown with 2 DL CCs and 2 UL CCs, where all CCs are scheduled from DL CC ‘000’. If the CQI request bit is positive, the CIF bits point out the DL CC for which the report should be provided and the report is transmitted in the PUSCH of UL CC ‘000’. That is, a positive CQI request bit overrides the usage of the CIF bits and a PUSCH with aperiodic CSI is not cross-carrier scheduled. Transmitting the aperiodic report on the UL CC being SIB-2 linked to the triggering PDCCH CC will anyway necessarily have to be supported for one-UL-to-many-DL CC configurations even without cross-carrier scheduling.
3.2 Implicit triggering

Another type of scheme would in conjunction with the CQI request bit, utilize properties of the transmission for the triggering PDCCH or the associated PUSCH in order to determine for which DL CC(s) the report should be given. A number of parameters related to the time/frequency resources used for the triggering PDCCH or the PUSCH could be uniquely mapped to an aperiodic report index, pointing out the DL CC(s) to be reported. The eNodeB would schedule the PDCCH or PUSCH such that the desired DL CC(s) is(are) triggered. The location of the triggering PDCCH in terms of

· DL CC, 
· CCE,
· subframe, 
· search space,
could be used to set up pre-defined rules to carrier indices. For example, the aperiodic report index could be mapped from the sub-frame of the triggering PDCCH by a simple modulus operation. CSI reports could also be triggered together with per-CC RRC configuration of report indices such that, e.g., the DL CC sending the triggering PDCCH would according to the configuration, identify which CC(s) that should be reported. In case of CSIs of multiple CCs are included in an aperiodic report, only CSIs of the activated CCs should be reported when triggered. Alternatively, similar rules could be defined from the PUSCH in terms of UL CC or PRB allocation. Also here, the PUSCH could be transmitted in the UL CC being SIB-2 linked to the triggering PDCCH, or being indicated by the CIF bits.
3.3 Hybrid explicit/implicit triggering 
In case of CSIs of multiple CCs could be configured into a same aperiodic report, the explicit triggering and the implicit triggering could be combined together to get a more flexible triggering of the aperiodic reports. For example, if we assume CSIs of no more than 3 CCs could be configured into a same aperiodic report, an aperiodic report index could be firstly implicitly mapped from the time/frequency resources used for the triggering PDCCH or the PUSCH. Then 3 CIF bits could be used for further explicitly indicating CSIs of which CCs to be reported in the form of a bitmap. The PUSCH could be transmitted in the UL CC being SIB-2 linked to the triggering PDCCH.
3.4 Triggering of multiple reports
Multiple reports can be triggered with the single CQI request bit in conjunction with other means. For example, RRC configuration could be introduced per CC such that report triggering of a certain DL CC imply that not only that single CC’s CSI should be reported, but also other CCs’ CSI, according to that configuration. 

For the explicit triggering scheme, certain bit combinations in the UL grant may be designated to trigger multiple reports. For example, with 3 bits, 8 states are available, which is more than needed for triggering CSI reports of 5 individual CCs.
Rule based schemes could also be used, e.g., if CSI is triggered for an SCC, the (wideband) CSI of the PCC is always also included in that report. This would be justified as the PCC is the most frequently used CC and would enable frequent reporting of the PCC with reduced triggering overhead. 
4 Conclusions
In summary, our proposals are:
Proposal 1: Aperiodic CSI reporting is supported for any activated DL CC.

Proposal 2: A CQI request bit is included in all UL grants.

· MAC based triggering could be considered.
Proposal 3: Aperiodic CSI reports can be cross-carrier triggered. 
Proposal 4: At most one UL grant may contain a positive CQI request bit in one sub-frame.
Proposal 5: Aperiodic CSI reports can be transmitted on any component carrier.
Proposal 6: Aperiodic CSI reports can be transmitted in the UL CC being SIB-2 linked to the DL CC carrying the triggering PDCCH, or according to CIF bits.

Explicit, implicit and hybrid triggering methods have been identified as possible solutions when some CCs are not monitored for the PDCCH. 
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UE transmits A/N of the carrier activation command in subframe n+4


eNB transmits carrier activation command in subframe n




eNB transmits PDDCH to trigger aperiodic CQI reporting  in subframe n+8



eNB receives the aperiodic CQI in subframe n+12



