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1
Introduction
At RAN1#80, observations have been made on potential enhancements to the DL control signalling part and were further discussed at RAN1#81, RAN1#81bis, and RAN1#82. Specifically, in RAN1#82 [1], the issue of the number of blind decodes (BD) has been highlighted as one of the remaining issues on DL control for optimising operation of LTE CA up to 32 CCs at the following agreement:

· No support of joint grants in Rel. 13 eCA

· This does not prevent further discussions and specification of other DL control enhancements solving issues like false alarm, number of blind decodes etc.

In this contribution, we describe the problem, discuss and propose a way to significantly reduce the number of blind decodes for effective operation of LTE CA up to 32 CCs.

2
Discussion
2.1 Problem description

When increasing the number of CCs to 32 the number of DL control BDs a UE has to perform per subframe will become too high. In fact, the increase is almost linear to the increase in number of supported CCs. With current operation, considering one CSS at PCell (ALs 4/8 and 2 DCI Formats supported) and x USS for x serving CCs in SU MIMO TM (ALs 1/2/4/8 and 3 DCI formats supported), the maximum decoding tries for the UE rise from 12 + 5*48 = 252 BDs in the 5CC case, to 12 + 32*48 = 1548 BDs in the 32CC case, i.e. ~6.1 times more.
[2] in RAN1#82 summarised the consequences of this BD number increase regarding complexity increase at UE:

· Requirement for the UE to increase the BD capability linearly with the number of supported CCs

· This might potentially prevent (early) introduction of UEs supporting a very large number of CCs

In addition, regarding another significant remaining issue, the false positive detection of DL grant, it states that “a large number of blind decodes of DL grants might/will lead to a higher number of false positive detection leading to unnecessary HARQ-Ack transmission (affecting PUCCH/PUSCH) and UE power consumption”.
Therefore, we believe that 3GGP should target to resolve this: 1) for achieving the performance increase expected from eCA Rel. 13; 2) even for UEs with lower BD capability than CA capability.

2.2 On solutions for reducing the number of blind decodes
The remaining proposed solutions from prior meeting to reduce the number of UE DL blind decodes, after the agreement to not support joint grants, are mainly two [3]. 
The first considered solution was to enable configurable search space sharing for several CCs (i.e. have a shared search space for several CCs on a single scheduling CC) in case of cross-scheduling. 
The main drawbacks of this approach are: 1) it is applicable only for cross-carrier scheduling 2) when multiple CCs share a single search space increased blocking and scheduling restrictions might increase. 
Another suggested solution has been enable configurable number of BDs on a CC-level (i.e. limit BD candidates in some CCs or CC types). 
The main drawbacks of this solution are: a) it imposes further restrictions on the CC scheduling flexibility, b) it may decrease the BDs for only some CCs. 
Therefore, both proposed solutions cannot entirely solve the problem. 
Observation 1: An efficient solution for reducing the number of blind decodes should target to be applicable to both self- and cross- scheduling case, and should be able to be applied for any CC. 

In this contribution, we discuss and propose an alternative approach which alleviates the aforementioned issues. 
In legacy blind decoding operation the UE is not aware about the location of its PDCCH(s) as well as about the exact DCI message(s) existing in a CC’s search space and has to find it by monitoring a set of possible candidates every subframe. More specifically, the UE has no information e.g. about 1) the specific Aggregation Level (AL) used by the eNB, 2) the specific CCEs used for the UEs PDCCH placed in this CC search space; 3) the specific DCI Format used by the eNB to carry the DCI message. Instead, the UE has only information about the ALs and DCI Formats supported by the eNB for the specific CC search space. This set of possible DCI candidates (i.e. maximum number of BDs a UE has to perform) depends directly on the accumulated size of the supported options.
Observation 2: The maximum number of BDs a UE has to perform could be reduced if the UE could have, prior to blind decoding operation, more information regarding e.g. 1) the specific Aggregation Level (AL) used by the eNB; 2) the specific CCEs used for the UEs PDCCH placed in this CC search space; or 3) the specific DCI Format used by the eNB to carry the DCI message. 
Proposal 1: RAN1 to consider introducing a way of providing to UE additional information for its search space in a CC.
2.3 Introduce Auxiliary DCI
Instead of trying to decode each DCI candidate independently from each other, some or all of the aforementioned useful information for a target DCI could be introduced in an auxiliary DCI (aDCI) message carried within the same (or previous) subframe so as, when it is decoded, the search space for finding another target DCI(s) can be reduced. The aDCI could be carried either at the same or via a different CC than the target DCI. 
Using this general two-Phase method, the total maximum number of BDs per subframe per UE can be reduced. 
Figure 1 gives an illustration example of the proposed approach.
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Figure 1: Conventional BD steps at UE-side can be skipped according to information provided via aDCI message at Phase-1, resulting into reduced UE search space at Phase-2.
The aDCI could be introduced in two ways: 
1) included with the legacy DCI message in a revised DCI format; or 
2) as a standalone message by introducing a new DCI format. 
Moreover, the aDCI message could include one or any combination of the relevant information elements (e.g. AL, DCI Format, CCE starting index) required at the UE for reducing its search space for the target DCI.
Proposal 2: Introduce an auxiliary DCI message to carry useful information required by the UE in order to reduce the search space and thus the number of BDs required. 
A possible drawback of the proposed solution has to do with the increased overhead at PDCCH. However, the flexibility is given to choose a small aDCI size and still benefit greatly by reducing number BDs at any CC serving a UE and under any link conditions. 
The following subsection discusses some possible solutions to this issue while the one after the next provides an example overview on the tradeoff between the benefits and the signaling overhead.
2.4 Ensuring reduced overall computational load and decoding time at UE
By using the proposed two-Phase method for decoding DCI, after aDCI is successfully decoded at Phase-1, Phase-2 becomes less complex and faster than the current DCI decoding operation. In addition, the Phase-1 processing complexity and time should be kept at low levels in order to deem the overall operation more efficient than the legacy one. 
For example, a possible solution would be that the aDCI is never placed in higher Aggregation Levels and therefore have less BDs. In such a case there will be a tradeoff with the probability of correctly decoding an aDCI which has to be taken into account upon implementation as failing to decode the aDCI would result into no faster operation at the 2nd Phase. 
In general, a small size aDCI should allow for robust encoding even with a smaller AL. 
Another option to limit the aDCI BDs is by specifying that a UE configured with a high number of CCs should always look for aDCI only and never look for one of the legacy DCI formats until the second phase of the decoding. An alternative approach would be to combine aDCI with the Part-I consisting DCI Format Index of the PDCCH design suggested in [4]. The extended aDCI can be encoded by a simple FEC scheme which has both error-correcting and error-detecting capabilities (thus, no convolutional coding imposing high computation needs is applied) and scrambled by part or all UE-specific RNTI (depending on if the aDCI is part of a legacy DCI or standalone) so as UE can quickly decode it during the first step.
Proposal 3: Evaluate the impact of introducing an auxiliary DCI for reducing BDs to system and UE operation. In case signaling overhead is considered an issue, consider efficient solutions to eliminate this impact.
2.5 aDCI in Primary Cell of a CC group
In general, aDCI could be sent on any CC and provide auxiliary information for one or multiple target DCIs carried in one or multiple CCs PDCCH payload. Moreover, it is possible for the total number of CCs to be divided into groups where each group has a primary CC. Thus, in that case, the aDCI can be sent only on primary CC (if one or more other CCs in the group include allocation in the particular target subframe) combining the auxiliary information needed for the secondary CCs. 
Now, there are two possible cases for the group of CCs. 
In a first case, all CCs are using the same AL. This for example can be the case where CCs are co-located and since the channel conditions are similar between UE and all of the CCs, the AL can be either signalled or extracted implicitly for all of them by for example blindly decoding first the search space of the primary cell. 
In a second case, the AL of CCs is not the same, therefore, needing to be signalled per CC. Thus, assuming for example a maximum, of 8 CCs per group, one can consider a bit map of CCs. Each field in the bit-map can be of 2-7 bits, indicating one or a combination of the following information:

· AL: if group AL definition is not possible, 2 bits will be needed for every CC. Otherwise, only 2 bits will be needed in total to define the AL used in the group;
· DCI format: 2 bits will be needed to cover the DCI sizes supported for a TM plus the fallback TM DCI format.
· CCE index: Considering that AL is already known at the UE, a maximum of 6 PDCCH candidates exist for any AL. Therefore, 3 bits could indicate the exact CCE index and also the option of “no allocation on this CC”. 

The maximum total size of the aDCI is 2 + 5*8 = 40 bits in the first case where all CCs use the same AL, or 7*8 = 56 bits in the second case where the AL of CCs is not the same. In general, this could be considered a ‘small’ to ‘normal’ DCI size. 
The following table shows some exemplary values for a specific scenario using a grouped approach and illustrating the benefits (in terms of reduction in number of maximum Blind Decodes required per UE per SF per group of CCs) as well as the introduced signalling overhead (in terms of aDCI size), assuming 8 CCs in group, 1 CSS per group, aDCI only for USS, UL MIMO TM, 1 DCI per CC per UE. We observe that a significant reduction can be achieved even with very small aDCI while the alternative solution of configuring ALs per CC would only provide at a typical scenario (i.e. CC configured with two lowest ALs 1/2), with the same assumptions as above, a (1-36/48)*100% = 25% reduction to the search space of a CC and not for all CCs, while also affecting scheduling flexibility.
	Information in aDCI
	aDCI size

(in bits)
	Max no. of BDs 

(per SF)
	Reduction

(%)

	No aDCI
	0
	12+8*16*3= 396
	-

	AL for group (ALg)
	2
	12+8*6*3= 156
	60

	AL per CC (ALc)
	2*8= 16
	
	

	DCI Format
	2*8= 16
	12+8*16= 140 
	64

	ALg+DCI
	2+2*8= 18
	12+8*6= 60
	84

	ALc+DCI
	(2+2)*8= 32 
	
	

	ALg+CCE
	2+3*8= 26
	12+8*3= 36 
	90

	ALc+CCE
	(2+3)*8= 40
	
	

	ALg+DCI+CCE
	2+(2+3)*8= 42
	12+8*1= 20
	95

	ALc+DCI+CCE
	(2+2+3)*8= 56
	
	


Table 1: Example for envisioned number of BDs using aDCI approach.
Proposal 4: Consider sending aDCI only on primary CC in order to help reducing the search space of several CCs in the same group of CCs.
3
Conclusion
In this contribution we discussed decreasing the number of blind decodes for enhanced carrier aggregation operation up to 32 CCs and proposed an efficient solution. 
The following observations have been made: 
· Observation 1: An efficient solution for reducing the number of blind decodes should target to be applicable to both self- and cross- scheduling case, and should be able to be applied for any CC.
· Observation 2: The maximum number of BDs a UE has to perform could be reduced if the UE could have, prior to blind decoding operation, more information regarding e.g. 1) the specific Aggregation Level (AL) used by the eNB; 2) the specific CCEs used for the UEs PDCCH placed in this CC search space; or 3) the specific DCI Format used by the eNB to carry the DCI message.
Overall the following proposals are made: 

· Proposal 1: RAN1 to consider introducing a way of providing to UE additional information for its search space in a CC.
· Proposal 2: Introduce an auxiliary DCI message to carry useful information required by the UE in order to reduce the search space and thus the number of BDs required.
· Proposal 3: Evaluate the impact of introducing an auxiliary DCI for reducing BDs to system and UE operation. In case signaling overhead is considered an issue, consider efficient solutions to eliminate this impact.
· Proposal 4: Consider sending aDCI only on primary CC in order to help reducing the search space of several CCs in the same group of CCs.
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