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1
Introduction
In RAN1#82 [1], the issue of the number of blind decodes (BD) was highlighted as one of the remaining issues on DL control for optimising operation of LTE CA up to 32 CCs at the following agreement. In RAN1#82bis [2] several agreements were made regarding this issue and following email discussions clarified the details of these agreements:

· Introduce per CC disabling of monitoring for DCI format 0/1A
· Disabling of monitoring DCI format 0/1A is only applicable for the corresponding BD candidates scheduling an SCell. RAN1 does not see any need for further restriction on disabling DCI format 0/1A monitoring to be specified. Leave the detailed signaling design to RAN2.
· eNB configures CC specific reduction in number of (E)PDCCH candidates on USS – semi-static configuration by RRC as part of the CC configuration
· Number of USS (E)PDCCH candidates per AL and per CC
· Reduced flexibility: 2bits per AL per CC

· Same handling for 1st to 5th AL

· For each of PDCCH and EPDCCH set(s), the two bits indicate a reduction to {0, 0.33, 0.66, 1} of the nominal (E)PDCCH candidates.
· In case of having two EPDCCH sets configured, the reduction is applied on each EPDCCH set separately.
· The first N candidates from the legacy candidates are to be monitored by the UE, where N=round{ legacy # of  Candidates * reduction_value} .
Furthermore, details about the UE BD capability definition were agreed in [3]:

· Define a minimum BD capability for each future UE cat, and the minimum shall not be smaller than that corresponding to 5CCs in Rel-12
· The UE BD capability signaling is independent of UE category and band combination
· If UE does not indicate a BD capability to the network, the eNB can assume all the necessary BDs are supported by the UE (i.e. no blind decoding reduction in operation needed for such a UE)
· The related UE capability signaling contains 32 values, each indicating the number of BDs supported in UE specific search spaces per subframe, given by {32*[5,…,32], 4 reserved values for future use}
The UE BD capability signalling will provide useful information to the NW in order to provide BD reduction processes.
In this contribution, we discuss further the problem of BD reduction, the advantages and disadvantages of the agreed solutions and propose an complementary way to enhance the process of reducing 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 very 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*(6+6+2+2)*3 = 252 BDs in the 5CC case, to 12 + 32*48 = 1548 BDs in the 32CC case, i.e. ~6.1 times more.
[4] 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, “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”.
The number of DCI decoding tries for the UE depends on the total size of the search space as well as on several information related to the DCI for which the UE has none or partial knowledge. More specifically, in legacy operation the UE is not aware: a) if an active CC is scheduled for DCI at a subframe or not as well as b) which AL; c) which DCI format and; d) which specific CCEs have been used by the eNB scheduler to send the DCI via a CC. 
Observation 1: In principle, there are two complementing ways for reducing complexity of DL control blind decoding: 1) by reducing the created search space at eNB scheduler; and 2) by providing more information to the UE about the eNB scheduler setup and decisions.
2.2 On the agreed solutions for reducing the number of blind decodes
The agreed solutions from prior meeting to reduce the number of UE DL blind decodes are: 1) CC-specific RRC configuration for reduction in the number of (E)PDCCH candidates on USS per AL; and 2) CC-specific disabling of monitoring for DCI format 0/1A on a scheduled SCell. Therefore, considering the legacy BD operation discussed above, both solutions target to reduce the created search space at eNB scheduler. Then RRC signaling is envisioned to provide more knowledge to the UE in the sense of what has been restricted in scheduling, i.e. by limiting (when possible) the number of candidates per CC and per AL or the number of monitored DCI formats.
(E)PDCCH candidates reduction solution gives the responsibility to eNB scheduler to restrict (if possible) the number of candidates used per AL and the number of ALs used per CC. Then, UE can be informed on these decisions, which essentially limit the USS, via RRC signaling. An advantage of this approach is that relatively low signaling overhead will be required at every CC configuration/modification (i.e. 10 bits as agreed). This could even be reduced to 8 bits considering some useless states occurring for 4th and 5th AL but at the expense of more complex specification. Furthermore, the % reduction of candidates using 2bits per AL per CC, with the round operation used to define which candidates are left, may be somewhat less efficient than using a direct correspondence between each bitmap combination and number of candidate; however, it seems to be more future proof in case further (E)PDCCH sets are introduced later. An inherent drawback of the solution has to do of course with eNB scheduler complexity and flexibility in the control channel. Thus, reduction of ALs or candidates is more applicable not very loaded small or LAA cells. In addition, as mention in [4], keeping higher ALs to ensure reliability in the latter case may lead to wasted (E)CCE resources.
With relaxed DCI monitoring solution, it is again left up to eNB scheduler to decide which SCells will not be scheduled with DCI format 0/1A. In general, this solution has also an effect on scheduling flexibility since eNB scheduler will have less DCI format options for those SCells having disabled monitoring for DCI format 0/1A. In that direction, it seems a correct decision to restrict the monitoring disabling for PCell, where the need for fallback might become more important for maintaining the robustness of UE-eNB RRC connection, especially in cases where CSS is congested and cannot host the fallback operation. The efficiency of the method will also depend on the signaling design that is left to be decided in RAN2. However, as the plan is to be done by RRC as part of the CC configuration/modification process, overhead is expected to be very low as long as not regular updates are required. 
In general, one additional disadvantage common to the two agreed solutions has to do with the aspect of UE configuration via RRC signaling. In cases where conditions for a cell change in a faster time-scale than RRC signaling, eNB scheduler will not be able to adapt quickly and update the monitoring of DCI format 0/1A and/or the number of (E)PDCCH candidates per AL. In other words, scheduling will be bound to the RRC signaling update timing. The two possible outcomes of such misalignment in measured conditions for scheduling restrictions and actual conditions are described in the following:

Bad conditions measured: In that case, lower ALs may be restricted by the scheduler, e.g. 1 or 2, to ensure reliability. However, if after a few ms channel improves, there is a waste on (E)CCE resources since these lower ALs could be used.

Good conditions measured: In that case, higher ALs (e.g. 4 or 8) and/or monitoring of DCI format 0/1A may be restricted by the scheduler, considered as obsolete. However, if after a few ms channel conditions worsen, DCIs can be lost due to poor code rate (low (E)CCEs) used. Also, BD reduction may be low anyway in such case since more (E)PDDCH candidates exist in general for low ALs.
The above outcomes however may be the common case for LAA cells which is a main target scenario for eCA. Signaling for SCell configuration has generally the time scales of a few tens of milliseconds to about a hundred milliseconds. Therefore, an LAA cell is expected to be configured every ~100ms for restricting ALs or DCI formats based on RRM measurements obtained before the (re)configuration. However, usage of LAA cells via LBT procedure will follow a channel occupancy time of about 10ms. Note also that LBT doesn’t ensure that no one else is using a CC, rather that energy levels from interferers are not exceeding a limit. In addition, a carrier switching approach is envisioned to be implemented for LAA (e.g. see contribution [6]), where a UE will choose on a few subframes level which CCs (from a larger set of configured ones) to use. In that case, the interference environment will change fast it might be very common for an LAA cell that after ~10ms, channel conditions have changed e.g. due to usage of this CC by more/less neighbour LAA cells or Wi-Fi access points. Moreover, already in LAA WI it has been agreed to include L1 RSSI-like signaling from UE to NW to evaluate interference levels (item 7.2.3.2.2). However, semi-static configuration by RRC will not be able to take full advantage of this RRM enhancement for effective BD reduction. Even worse, if RRC signaling is not fast enough, a high performing fast switching method could face difficulties for implementation since the scheduler wouldn’t be able to reduce BDs for LAA cells activated and switched in a shorter time-scale. A solution of more frequent RRC configurations could result in unnecessary signalling overhead that could be prevented with other methods.
Observation 2: The agreed solutions for BD complexity reduction could be complemented by an additional method in order to enhance BD reduction operation, in terms of either increased reduction on total number of blind decodes or efficiency in cases where RRC signaling becomes a bottleneck for effective control channel scheduling.
2.3 Auxiliary DCI for enhanced BD reduction
In [7] it was proposed as a solution for BD reduction the introduction of an auxiliary DCI (aDCI) message which could provide useful information and reduce the search space (from the UE point of view) for finding other DCI(s). Considering the agreed solutions, such an aDCI proposed approach could still be implemented as a complementary way in order to enhance the BD reduction process. The aDCI could be introduced as a standalone message by introducing a new DCI format but also included with the legacy DCI message in a revised DCI format. Moreover, the aDCI message could include one or any combination of the relevant information elements required at the UE for reducing its search space for the target DCI (i.e. scheduled CC or not, AL and CCE starting index used, DCI Format used). 

Thus, in a complementary way to the agreed solutions, aDCI messages could be used for example in order to reduce number of BDs in medium/large or licensed cells where search space restriction would lead into unwanted increased PDCCH blocking probability due to multiple simultaneously scheduled UEs. In that case, total BD reduction will increase and earlier introduction of more UEs supporting a very large number of CCs will be possible. As another example, aDCI messages could be used in case of LAA cells with conditions changing faster than RRC signaling. In that case, eNB scheduler could even take advantage of the newly introduced instantaneous RSSI-like RRM measurements, schedule control channel accordingly, and reduce number of BDs for such CCs by notifying UE about all or part of its decisions without risking a waste on CCE resources or increased DCI loss.
Regarding the tradeoffs from introducing a complementary aDCI approach, first, the PDCCH overhead has to be taken into account. If all DCI-related information is passed to the UE via aDCI for maximum BD reduction an evaluation is needed to identify the effect on system performance. However, since the solution will be complementing the already agreed RRC-signaling-based methods, it is expected that only a small % of the maximum possible needed bits will be required (e.g. max 56 bits are reported for a group of 8 CCs in [7]). Another issue may be the latency budget stressing for processing the control channels due to the 2-step decoding approach. This could be alleviated by sending the aDCI a few subframes earlier than the target DCI. 
The following table summarizes the pros and cons of the agreed solutions and the aDCI-based approach.
	
	Pros
	Cons

	(E)PDCCH Candidates Reduction
	Reuses current scheduling framework

Small spec impact

Low signaling overhead
	More complexity and less flexibility on scheduler design

Mainly useful only for LAA/small cells (e.g. not medium/large/licensed cells with many simultaneously scheduled UEs which could lead to higher PDCCH blocking)

(E)CCE resources may be wasted when only large AL kept for reliability of unlicensed CCs

RRC Signaling for configuration: no dynamic adaptation to channel conditions

	Relaxed    DCI Monitoring
	Reuses current scheduling framework

Small spec impact

Minimal signaling overhead
	Can be practically used only for robust CCs (when fallback operation is not an issue or CSS is not congested) or unreasonable for some cases, e.g. cross-scheduling for LAA UL
More complexity and less flexibility on scheduler design

RRC Signaling for configuration: no dynamic adaptation to channel conditions

	aDCI-based
	BD reduction possible for every CC
Adaptation possible on fast changing channel conditions

Scheduling and DCI design flexibility
Low standards effort and spec impact

More future proof in case more DCI formats are introduced
	PDCCH overhead burden in case of too much information passed to UE
2-step decoding: Possible latency issues at UE in case both steps are performed at same subframe



Table 1: Pros and cons of agreed and aDCI approach.

Proposal 1: RAN1 to consider a complementary solution of L1-based signaling to UE on NW control channel scheduling for more efficient BD reduction operation in terms of either increased total BD reduction or in cases where RRC signaling may become a bottleneck for effective control channel scheduling.
3
Conclusion
In this contribution we discussed decreasing the number of blind decodes for enhanced carrier aggregation operation up to 32 CCs and proposed a L1-based solution to complement the currently agreed process via RRC configuration. 
The following observations have been made: 
· Observation 1: In principle, there are two complementing ways for reducing complexity of DL control blind decoding: 1) by reducing the created search space at eNB scheduler; and 2) by providing more information to the UE about the eNB scheduler setup and decisions.

· Observation 2: The agreed solutions for BD complexity reduction could be complemented by an additional method in order to enhance BD reduction operation, in terms of either increased reduction on total number of blind decodes or efficiency in cases where RRC signaling becomes a bottleneck for effective control channel scheduling.
Overall the following proposal is made: 

· Proposal 1: RAN1 to consider a complementary solution of L1-based signaling to UE on NW control channel scheduling for more efficient BD reduction operation in terms of either increased total BD reduction or in cases where RRC signaling may become a bottleneck for effective control channel scheduling.
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