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1
Introduction
The issue of increasing number of blind decodes has been discussed at previous RAN1 meetings, and at RAN1#82 focusing on dealing with this problem has been identified as one of the issues to discuss still as part of the DL control related enhanced CA discussions in Rel. 13, as noted in [1]:

Conclusions:

· Treat necessary changes to DL control (specifically DCI content & size) due to UL control enhancements as part of the UL control enhancement investigations 
· Following DL control enhancements have been potentially identified in Rel. 13 eCA

· Topic 1: Increase in the number of blind decodes for a large number of CCs
· Topic 2: Effect of false positive detection of DL grants 
· Following other enhancement have been potentially identified in Rel. 13 eCA

· Topic 3: UE soft-buffer management for the increased number of aggregated carriers

· Following CA enhancement have been identified with lower priority in Rel. 13 eCA

· Topic 4: Increase in the number of carriers for EPDCCH monitoring

· Note that Dynamic Carrier Selection will be discussed in LAA

In this contribution we discuss on what we need to specify and our preference of enabling a way to reduce the number of blind decodes for the UE with a large number of CCs. 

2
Network to know about UE capabilities
The number BDs of LTE Rel. 10 CA operation is based on the fact that the number of USS blind decodes is linearly increasing with the number of configured CCs. On top of the blind decodes for CSS carried on PCell (12), for each CC up to 48 blind decodes on USS need to be monitored by the UE if configured with UL SU-MIMO on each of the CCs. This gives in total up to 252 (12+5*48) blind decodes for a LTE Rel. 10 Cat. 8 UE (supporting 5 CCs). 
Two baseline ideas of dealing with this issue are still on the table which we will discuss in the sequel:

1. Shared search space for several carriers [2]

2. Carrier specific reduction in the number of (E)PDCCH candidates [3]

Both options have in common, that basically it is not really about the total number of blind decodes but more about the number of (E)PDCCH candidates the UE needs to look for. The number of blind decodes on USS are otherwise just given by the number of (E)PDCCH candidates multiplied by 2 (on carriers without UL MIMO) or by 3 (on carriers where UE is configured/operated with UL MIMO). Therefore, we focus in the rest of this contribution on the number of (E)PDCCH candidates the UE needs to monitor and do not need to consider specifically the UL MIMO capabilities of the UE any longer in these considerations!

Observation 1: Focus the discussion on the number of blind decodes on the number of (E)PDCCH candidates, in order to decouple the discussion from UE support of UL MIMO. 

For the eNB/network to manage its operation optimally, the eNB needs to be aware of the total number of (E)PDCCH candidates the UE is able to support – either by the need to operate with shared search space or a carrier specific reduction in the number of (E)PDCCH candidates.

Looking at this problem, two solutions of the eNB being aware are basically possible:

· Alt. 1: Define the total number of USS (E)PDCCH candidates the UE needs to support as part of the UE category definition for future high-end UE categories. In this case, no additional UE capability signaling will be needed and the decision on the number of (E)PDCCH candidates becomes an issue of the UE category definition and will be fixed by specifications as part of the UE category discussions.

· Alt. 2: Another way would be UE capability signaling on the total number of (E)PDCCH candidates independent of the UE category signaling. With dedicated signaling, still RAN would need to define for a certain UE category a minimum number the UE would need to support in order to guarantee some minimal capabilities as such. But the UE then might be able to indicate a higher number of supported (E)PDCCH candidates to the network in order to achieve more scheduling flexibility for such UEs. 

Clearly, we need to define the minimum number for both approaches as part of the UE category discussions. A related discussion on possible minimum number of (E)PDCCH depending on the number of supported CCs can be found in Appendix A. 

In order to enable more flexible implementations on the UE side, a direct UE capability signaling is more flexible and should therefore be added to the UE capability signaling. In case the UE is not signaling a ‘Total number of (E)PDCCH candidates’ to the eNB, the network assumes that the full number of 16 (E)PDCCH candidates can be monitored for each carrier on USS. 

Proposal 1: Define an optional UE capability signaling ‘Total number of (E)PDCCH candidates’ in Rel. 13 and define for future high-end UE categories a minimum number of (E)PDCCH candidates the UE needs to support. 
The minimum number of (E)PDCCH USS candidates based on the UE category definition need not to be decided at this point of time, but we anyhow want to present some related considerations in Appendix A. 
3
Operate with a reduced number of (E)PDCCH candidates
Looking at methods to operate with a reduced total number of (E)PDCCH candidates, two basic schemes are remaining, shared search space operation suggested in [2] and restricting the number of (E)PDCCH candidates per carrier e.g. in [3]. 

3.1 Shared Search Spaces
There has been a proposal in [2] to operate the UE to have a shared search space for several configured carriers on a single scheduling cell. First of all, this will only be possible in case cross-carrier scheduling is utilized and is not applicable for self-scheduling as such. As DCIs for several carriers need to compete for the available search space there might be an increased blocking between the DCIs for several carriers affecting the number of carriers that can be scheduled. In [2] there is the example given, that at least 8 candidates in a given search space will be available but then higher aggregation levels (AL=4 or AL=8) should not be extensively used as otherwise the number of candidates available will be much lower. Moreover, in contrast to the claims in [2] we do not only need to consider the number of DL grants to be transmitted but also need to enable the transmission of UL grants as well, which will decrease the potential number carriers that at maximum should be mapped to a given search space. For the case of a UE being in unfavorable propagation conditions requiring AL=4 or AL=8 for the DCIs to be reliably transmitted and enabling joint UL and DL usage, only for a single carrier (i.e. no search space sharing) the full scheduling flexibility is retained. Already at two carriers sharing the search space limitations on UL and/or DL scheduling of at least one of the carriers will appear. 

One additional thing to consider is that for the shared search space the overall search space size / total number of (E)PDCCH candidates is not directly giving the number of required blind decodes as there might be potentially different DCI sizes expected for different CCs (e.g. CRS based and DM-RS based transmission modes). In order to get the full benefit from the shared search space, the network would therefore need to configure the UE similarly for different CC sharing the same search space in the end. 

Trying to summarize the discussions on shared search space, the following can be noted:

Observation 2: Enabling a configurable search space sharing for several CCs can be applied to reduce the overall number of BDs and is applicable only for cross-carrier scheduling. Depending on the number of carrier sharing a single search space and the SINR conditions, shared search spaces might result in increased blocking and multi-carrier scheduling restrictions. 
3.2 Less (E)PDCCH candidates for one carrier
As discussed in [3], one option would simply be to reduce the number of blind decodes by reducing the number of (E)PDCCH candidates for a specific carrier by limiting the number of candidates for some aggregation levels (ALs) in order to reduce the overall number of blind decodes. In [3] the example of LAA (denoted as ‘Ucell’ in [3]) was mentioned specifically, where reduction in AL candidates could make some sense. 

But not just LAA specifically, also in case of licensed band small cells this might make some sense. In the Rel. 8 design, the number of AL candidates had been chosen in order to prevent excessive blocking when trying to schedule several UEs UL and DL in a single carrier macro cell. Therefore, it has been important in the Rel. 8 design to enable the multiplexing of the DCIs of a (larger) number of UEs on PDCCH. But looking now at the situation of small cells (incl. small cells using unlicensed spectrum), the number of UEs in such small cells in general will be smaller and the number of scheduled UEs in a single small cell on average is pretty small (much smaller compared to macro cell operation). As a consequence, the reduction of AL candidates where the UL/DL grants are to be mapped should not have a strong effect on control channel blocking for small cells, which are clearly the main motivation to go for carrier aggregation enhancements up to 32CCs. 
Overall, it might not make sense to define a fixed split of (E)PDCCH candidates over the different carriers. In case a UE is configured with a certain number of carriers, some of them being macro or micro and others being small cells (incl. LAA), it might make sense for the eNB to have the possibility to enable a larger number of AL candidates/number of blind decodes for certain cell types (e.g. macro & micro, using lower frequency bands) where potential control channel blocking might have a higher probability whereas in the worst case, only AL=4&8 or AL=8 candidates might enabled for some type of small cells (low output power, higher frequencies, incl. LAA). In that way, the eNB/network might be able to trade-off the blocking on different cell layers by allocating a certain number of blind decodes for certain cell types for even certain cells only. 

There are of course several ways how the number of BDs / AL candidates for a CC can be limited considering the UE capabilities known to the network discussed in the previous section. There could be a freely configurable AL candidate set (by the eNB) envisioned. 
Looking now at the operation and specification impact, this concept would still enable to schedule cells through individual grants up to 32 CCs. As a consequence, the current DCI structures can be directly reused and from control overhead point of view only grants of scheduled cells need to be transmitted. As there is still the full scheduling flexibility for each carrier separately, current eNB PDSCH scheduler implementations can be directly reused and do not need to be modified. Of course the reduction of the number of BD / AL candidates for a carrier requires specification work in order to enable the configuration of the # BD/AL candidates for each configured CC which could be done as part of the CA configuration. Moreover, the reduced number of BD will mean that higher control channel blocking for some carriers might occur which may require changes in the control channel scheduler operation at eNB side for cells operated with a smaller number of blind decodes / AL candidates. 
This could be summarized in the following observation:
Observation 3: Enabling a configurable number of BD /AL candidates per CCs can be applied to reduce the overall number of BDs and is equally applicable for self- as well as cross-carrier scheduling. Such operation will not change the PDSCH operation flexibility and can reuse the current scheduling framework. 
3.3 Overall picture
Clearly, the two methods discussed above are rather different in their approach to decrease the number of (E)PDCCH candidates. Whereas the ‘less (E)PDCCH candidates per carrier’ is not able to reduce the number as aggressively, it is still able to provide much flexibility for the network to optimize its operation and still able to operate each carrier as efficient as possible and still enables self-scheduling operation which seems to have at least some benefits when thinking of Rel. 13 LAA (DL-only) operation [4]. By configuring the number of (E)PDCCH candidates for each carrier, different operation strategies depending on the specific, local networks needs are possible. Moreover, the specification and implementation impact of such operation is rather limited. 
In contrast, the shared search space operation has some control channel multiplexing gain in the number of carriers sharing a single search space – but is at the same time only applicable when operating with cross-carrier scheduling with all its related restrictions specifically for DL LAA. The number of carriers configured to share the search space will have a direct impact on the scheduling flexibility depending on UL/DL traffic as well as depending on the required AL for the DCIs to achieve reliable detection as noted above. From this respect, the ‘less (E)PDCCH candidates per carrier’ seems to be more predictable in terms of operation and especially is also applicable for self-scheduling. 

Considering the tradeoffs of the two candidates, we suggest the following:

Proposal 2: Introduce a configurable CC specific configuration of the (min.) number of (E)PDCCH AL candidates for UE.
Further details on the needed specification of the ‘less (E)PDCCH candidates per CC’ are discussed in Sec. 4.
4
Details on CC specific (E)PDCCH candidate configuration
Clearly, the eNB will need to inform the UE about its intend on how to utilize the overall available number of (E)PDCCH candidates over the configured CCs based on the related UE capabilities as part of the CC configuration. The intention is not to enable more (E)PDCCH candidates per CC than given in the current specifications (i.e. 16). 
One might come up with several different ways of enabling this: 

· Option 1: Signal the number of (E)PDCCH candidates per AL 
The number of (E)PDCCH candidates for each AL could be signaled to the UE for each CC, resulting clearly in highest flexibility but at the same time also highest signaling overhead. For PDCCH usage, this would mean to signal AL1, 2, 4, 8 candidates – but considering EPDCCH operation having several different bandwidth combinations of localized and distributed type this might result in very complex signaling structure (especially, as EPDCCH is configured separately from the CA operation). Therefore, we would need to perform changes also to the EPDCCH configuration for a UE, which is clearly not straightforward either. 
· Option 2: Signal the applicable aggregation levels
The idea in this mode of operation would be to indicate to the UE the applicable restricted number of ALs only but do not change the number of USS (E)PDCCH candidates of a given AL. Compared to Option 1 the signaling overhead is clearly lower (as a single bit per AL would be sufficient).
As the number of candidates for each AL is varying rather strongly, the possible granularity is directly given by the distribution of the (E)PDCCH candidates over the given ALs. Again, in case EPDCCH is in addition configured in this way, the AL signaling would also need to be included in the EPDCCH configuration. 
· Option 3: Signal the applicable ‘(E)PDCCH profile’ indication
In this case, RAN1 could define several different ‘(E)PDCCH profiles’ having more or less (E)PDCCH candidates for each profile, where the profiles might favor lower ALs, higher ALs or just reducing the candidates equally over the ALs which all the possible options in-between. The same configured ‘(E)PDCCH profile’ could be applicable also for EPDCCH in case EPDCCH is to be configured. 
On the cons side, clearly RAN1 would need to define several different ‘(E)PDCCH profiles’ not just for PDCCH, but for each of the different cases of (E)PDCCH as well (and there are plenty in the Tables of Sec. 9.1.4 of 36.213). Considering the needed work for RAN1, we think that this option is clearly not feasible to finalize with the Rel. 13 CA timeline. 
· Option 4: Signal the number of (E)PDCCH candidates per carrier
In this option, the eNB just signals the overall number of (E)PDCCH candidates for a certain CC, requiring 4 bits [1..16] to enable the full flexibility. In contrast to Options 1 & 2, the total number would be independent on the configuration of EPDCCH usage which clearly is a benefit.
There would be still a need to identify which of the 16 (E)PDCCH are to be down selected to the target number given by eNB signaling. One simple option would be to start reducing the (E)PDCCH from the smallest AL to the highest AL (and thereby not sacrificing DL control coverage). For the case of two (E)PDCCH sets, the set with the smaller number of (E)PDCCH candidates could be reduced first but toggled between the two EPCCH sets. A related example for two EPDCCH set with different PRB number is shown below in Table 1. In such a way, the reduction of (E)PDCCH depending on the number of configured (E)PDCCH candidates can be given by such a simple rule. 

	Two Localized EPDCCH-PRB-sets
Case1 with N1=8, N2=2

	# of candidates
	AL=2
	AL=4
	AL=8
	AL=16

	16
	5,2
	4,2
	1,1
	1,0

	15
	5,1
	4,2
	1,1
	1,0

	14
	4,1
	4,2
	1,1
	1,0

	13
	4,0
	4,2
	1,1
	1,0

	…
	
	
	
	

	9
	0,0
	4,2
	1,1
	1,0

	8
	
	4,1
	1,1
	1,0

	7
	
	3,1
	1,1
	1,0

	6
	
	3,0
	1,1
	1,0

	...
	
	
	
	

	3
	
	0,0
	1,1
	1,0

	2
	
	
	1,0
	1,0

	1
	
	
	
	1,0


Table 1: Example EPDCCH candidates for a reduced number of candidates for two localized EPDCCH candidates with N1=8, N2=8 based on the simple rule described above. Green indicates not change – red indicates change AL candidates compared to current 36.214. 
Considering the different options, we think that configuring the total number of (E)PDCCH candidates to be the simplest solution. RAN1 would need to define a rule, but the simple example rule discussed above seems to be a reasonable approach. 

Proposal 3: The reduced total number of (E)PDCCH candidates for each CC is to be configured as part of the CC configuration. Descriptive rule on the (E)PDCCH candidate selection based on the reduced total number of (E)PDCCH candidates is FFS.

5
Conclusions
In this contribution we discussed decreasing the number of blind decodes for enhanced carrier aggregation operation up to 32 CCs and considered specifically two baseline options for decreasing the number of blind decodes. 

The following observations and proposals are made:
· Observation 1: Focus the discussion on the number of blind decodes on the number of (E)PDCCH candidates, in order to decouple the discussion from UE support of UL MIMO. 

· Proposal 1: Define an optional UE capability signaling ‘Total number of (E)PDCCH candidates’ in Rel. 13 and define for future high-end UE categories a minimum number of (E)PDCCH candidates the UE needs to support.
· Observation 2: Enabling a configurable search space sharing for several CCs can be applied to reduce the overall number of BDs and is applicable only for cross-carrier scheduling. Depending on the number of carrier sharing a single search space and the SINR conditions, shared search spaces might result in increased blocking and multi-carrier scheduling restrictions. 
· Observation 3: Enabling a configurable number of BD /AL candidates per CCs can be applied to reduce the overall number of BDs and is equally applicable for self- as well as cross-carrier scheduling. Such operation will not change the PDSCH operation flexibility and can reuse the current scheduling framework. 
· Proposal 2: Introduce a configurable CC specific configuration of the (min.) number of (E)PDCCH AL candidates for UE.
· Proposal 3: The reduced total number of (E)PDCCH candidates for each CC is to be configured as part of the CC configuration. Descriptive rule on the (E)PDCCH candidate selection based on the reduced total number of (E)PDCCH candidates is FFS.

References 
[1] 3GPP RAN1 chairman notes,  RAN1 #82, Aug. 2015
[2] R1-152915, “Discussion on PDCCH false alarm issue for eCA”, Panasonic, May 2015
[3] R1-151500, “DL control enhancements for supporting Rel-13 CA”, LG Electronics, April 2015

[4] R1-152813, “On LAA scheduling operation”, Nokia Networks, May 2015

Appendix A: Min. # of (E)PDCCH candidates
As discussed in Sec. 2, one question to be answered is to which number of (E)PDCCH candidates to restrict for a larger number of CCs for a Rel. 13 CA UE. Clearly, the intention should not be to change the LTE Rel. 12 CA operation (i.e. reducing the # for up to 5CCs). But then how to extend this in order also to take into account, that with an increase in the number of supported CCs also the UE BB capabilities increase. 

So how to extend now the number of required (E)PDCCH candidates from the current 5CC assumption to a larger number of supported CCs? And what is the target reduction rate (percentage) for the 32 CC case? 
In Table A1 we show some examples here:

	# of CCs
	5
	8
	12
	16
	20
	24
	32

	# of  (E)PDCCH candidates
	80
	128
	192
	256
	320
	384
	576

	Target max. # of (E)PDCCH candidates
	80
	80+x8
	80+x12
	80+x16
	80+x20
	80+x24
	80+x32


Table A1: Total number of USS (E)PDCCH candidates as a function of the number of CCs

Clearly, the additional number of (E)PDCCH candidates in Table A1 may not be the same independent on the number of CCs a UE supports (i.e. x8=x16=x32) as otherwise, the same blind decoding capabilities for an 8 CC & 16 CC UE compared to a 32 CC UE might be required. At the same time, having a totally linear relationship in the increase in the number of (E)PDCCH candidates might not serve the purpose well either, as then the potential negative effect of a reduced number of blind decodes would already hit at a low number of supported CCs. And clearly the intention here would be to optimize CA operation for a small/medium number of CCs and not to optimize for a large number of UEs scheduled on a single carrier within a subframe. 

An example of some non-linear distribution on the number of USS (E)PDCCH candidates is given in Table A2 below:

	# of CCs
	5
	8
	12
	16
	20
	24
	28
	32

	# of BD linear
	80
	128
	192
	256
	320
	384
	448
	512

	Target max. # of BD 
	80
	128
	160
	192
	208
	224
	240
	256


Table A2: Example for min. number of (E)PCCH candidates as a function of the number of CCs

The Table A2 assumes a simple 3-step linear operation:
· Up to 8 carriers, the full number of 16 (E)PDCCH candidates per CC need to be supported (in black)
· From the 8th to 16th carrier, only 8 (E)PDCCH candidates per additional CC (50%) need to be supported (in green)
· From the 17th to 32nd carrier, only 4 (E)PCCCH candidates per additional CC (25%) need to be supported (in red)
So up to 8 carriers, the linear Rel. 10 increase would be given. But then, the number of blind decodes on USS would be decreasing per each additional carrier and for 32 CCs the number of (E)PDCCH would be half compared to the linear increase based on the Rel. 10 design. 

