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Introduction
[bookmark: _Hlk525601705][bookmark: _Hlk510133012]The URLLC L1 study item was approved in RAN#80, and the SID was further updated in RAN1#81 [1]. The following PDCCH enhancements was included as one of the objectives:
URLLC L1 improvements (RAN1) for further improved reliability/latency and for other requirements related to the use cases identified, 
· PDCCH enhancements. Study focus on Compact DCI, PDCCH repetition, increased PDCCH monitoring capability 
· UCI enhancements. Study focus on Enhanced HARQ feedback methods (increased number of HARQ transmission possibilities within a slot), CSI feedback enhancements
In this contribution, we focus on the issue of increased PDCCH monitoring capability, more specifically, on the maximum number of CCEs and BDs that a UE can support. We will discuss how the Rel-15 UE capability significantly limits the performance of URLLC and propose a new definition of capability to improve it in Rel-16.
[bookmark: _Hlk510133030]Issues 
For URLLC, one feature to achieve low latency in NR is the support of multiple PDCCH monitoring occasions within a slot. This minimizes the scheduling delay when the data arrives. It corresponds to Case 2 that has been specified for PDCCH in NR. Regarding the maximum number of BDs and CCEs for channel estimation in Case 2, the following agreements have been reached:
Agreements:
· Confirm the value for Case 1-2. X=0 and Y=0 for Case 2. No consensus on additional Case 2’.
	Max no. of PDCCH BDs per slot
	SCS

	
	15kHz
	30kHz
	60kHz
	120kHz

	Case 1-1
	44
	36
	22
	20

	Case 1-2
	[44]
	
	
	-

	Case 2
	[44+X]
	[36+Y]
	[22+Y]
	[20]



Agreements:
· For Rel.15 December 2017 version of Case 2, number of CCEs for channel estimation per slot is {56, 56, 48, 32} CCEs for SCS {15kHz, 30kHz, 60kHz, 120kHz}

Basically the BD and CCE limits for Case 2 are exactly the same as for Case 1-1, despite of the fact that more monitoring occasions are configured within a slot and the candidates will be spread out in time in Case 2. 
With slot-based scheduling (a single monitoring occasion in a slot), the slot boundary alignment time would be 1ms, 0.5ms, 0.25ms, and 0.125ms for 15kHz, 30kHz, 60kHz, and 120kHz, respectively, in the worst case (the worst case is what matters because URLLC targets for satisfying the latency with very high reliability). With a 1ms latency target, the alignment time for 15kHz and 30kHz is too large. Even for 60kHz, the alignment time is a significant portion of the overall latency budget. So configuring multiple monitoring occasions within a slot is critical for achieving the target. For Rel-16, if we want to support even lower latency such as 0.5ms, multiple monitoring occasions for 120kHz would also be relevant.
Larger number of monitoring occasions within a slot means smaller alignment time. For example, different assumptions were used in [2] for latency analysis in different cases, with 7-symbol TTI using 2 monitoring occasions per slot, and 2-symbol TTI using 7 monitoring occasions per slot. Even with 7 monitoring occasions, it still cannot meet the 1ms latency target for 15kHz SCS with one HARQ retransmission. So 7 monitoring occasions are definitely relevant at least for 15 kHz SCS.
Let us do some simple calculation to see what the current BD and CCE limits mean for URLLC operation, assuming 4 monitoring occasions in a slot.
Assume the UE monitors CSS only at the beginning of a slot. If we assume the UE monitors {4, 2, 1} CSS candidates for AL={4, 8, 16} respectively (which is the default Type0 CSS configuration), that is 7 BDs, and 16 CCEs assuming CORESET#0 can fit either one AL16 candidate or two AL8 candidates. This would leave 37 BDs and 40 CCEs for USS, which are distributed among all the monitoring occasions within a slot. Note that the assumptions for CSS here is the most conservative, as there are other types of CSS. Moreover, the CSS configured via UE-specific RRC signalling can have more candidates and/or larger CORESET (which translates into more CCEs) leaving even less BDs and CCEs available for USS monitoring.
For URLLC, considering the high reliability requirement, AL8 and AL16 need to be supported properly. Table 1 summarizes the number of CCEs required in different cases. With 15kHz SCS and 4 monitoring occasions, a single AL16 candidate per monitoring occasion would require 64 CCEs in a slot, which is not possible to be supported with the current UE capability. Also note that we would want to support at least two candidates per monitoring occasion to accommodate one DL assignment and one UL grant. From Table 1, we can see that there are quite a few important cases which we cannot support, even when we use the very conservative assumptions on CSS. This clearly shows that the number of CCEs is a limiting factor and there is a strong need to increase the number if we want to support URLLC properly. If we consider 7 monitoring occasions e.g. for 15kHz, the situation is much worse.
Observation 1: The current UE capability on the maximum number of CCEs for channel estimation per slot cannot support URLLC properly, so the number should be increased.
Table 1 Number of CCEs for channel estimation needed for different cases
	
	One candidate of AL8
	One candidate of AL16
	Two candidates of AL8
	Two candidates of AL16

	15kHz SCS, 4 monitoring occasions per slot
	32
	64
	64
	128

	30kHz SCS, 2 monitoring occasions per slot
	16
	32
	32
	64



It is clear, that the number of CCEs for channel estimation is the most restrictive factor. In terms of the number of BDs, the issue is not as severe, but it still has impact on the blocking probability. This is especially a concern if a UE requires both eMBB and URLLC services, meaning that it will need to monitor other (larger) DCI formats for eMBB services. Without increasing the number of BDs, it means that the total number of BDs is to be split between eMBB and URLLC, which will certainly affect the blocking probability at least for eMBB (if we assume URLLC always takes priority).

As a simple comparison, LTE sTTI has added additional BD candidates when sTTI was introduced, instead of splitting the existing number. For a UE supporting sTTI, the UE supports an additional 6 BDs per subslot TTI (36 BDs per subframe), and 12 BDs per slot TTI (24 BDs per subframe). In short, LTE sTTI supports 12 (CSS) + 48 (USS, 1ms TTI, for UEs supporting UL MIMO) + 36 (USS, sTTI) = 96 BDs on a carrier, while NR case 2 supports 44 BDs, which is certainly a big gap. 
A similar comparison can also be made in terms of number of CCEs for channel estimation per subframe for LTE. In addition to LTE PDCCH monitoring (16 CCEs for CSS, up to 42 CCEs for USS), an sTTI UE will need to receive up to 16 SCCEs per occasion (5 SPDCCH occasions per subframe) for subslot TTI and one SPDCCH with up to 32 SCCEs for slot TTI. This would mean that e.g. a subslot TTI UE will need to perform all together up to 16 (CSS) + 42 (USS, PDCCH) + 5x 16 (SPDCCH) = 138 (S)CCEs within a 1ms subframe, compared to 56 CCEs per slot in case of NR. This surely will result in worse NR performance compared to LTE.
Observation 2: The current UE capability on the maximum number of BDs and the maximum number of CCEs for channel estimation for Case 2 in NR is much lower than for Rel-15 LTE sTTI.
Potential Solutions
[bookmark: _Hlk510133084]The current UE capability on the number of BDs and the number of CCEs for channel estimation is defined on a per-slot basis. If we simply increase this number, there is no restriction on how these numbers could be distributed in the slot. Theoretically that means all the BDs and CCEs could occur at the beginning of a slot, which would increase the UE complexity significantly (and unnecessarily) because it does not allow the UE to take advantage of the pipelining process. On the other hand, if we take into account the fact that the BDs will be distributed over time in practical scenarios, the processors for earlier BDs may already be available for later BDs, and the total number could be significantly increased without stressing UE implementation much. Thus, in order to alleviate the problem in UE implementation, it appears that we should adopt a different definition than the per-slot basis counting.
Observation: Per-slot definition of BD/CCE limits is not suitable for CASE 2 type of monitoring.
The current UE capability for Case 2 is defined as the following:
	SCS
	15 kHz
	30 kHz
	60 kHz
	120 kHz

	Number of BDs per slot
	44
	36
	22
	20

	Number of CCEs per slot
	56
	56
	48
	32



The simplest and most straightforward definition would be to define the number of BDs and CCEs at a finer time granularity, e.g. per half-slot or every 3-symbols. By doing so, the total number of BDs/CCEs in a slot can be increased but the UE does not have to handle the case that all BDs/CCEs are configured in a very short time window. In this case, better pipelining would be possible for UE implementation. It should be noted that if we use e.g. per half-slot granularity, the numbers per half-slot should at least match the Rel-15 numbers per slot. Otherwise, if the gNB chooses to configure all the search space sets within the first half slot, it would support less number of BDs/CCEs than in Rel-15, which is certainly not acceptable.
Moreover, the number of CCEs, in particular, can still be the bottleneck with more monitoring occasions and potentially large AL. Larger numbers would be highly desirable. Since the baseline URLLC UEs have already been defined in Rel-15, URLLC UEs in Rel-16 can be expected to have more processing power (which comes with additional cost), which can be used to support more demanding applications.
Therefore, we propose another set of values to be considered for discussion, as shown in Table 3.
Table 3 Example 2 for the number of BDs and CCEs for Case 2
	SCS	Comment by Sigen-Ye: The numbers are arbitrary at this point, except that the number of CCEs are multiples of 16. Any comments are welcome.
	15 kHz
	30 kHz
	60 kHz
	120 kHz

	Number of BDs per half-slot
	44
	36
	22
	20

	Number of CCEs per half-slot
	64
	64
	48
	32



There may be certain monitoring occasions spanning across the half-slot boundary depending on the configuration. In this case, the counting can be done based on the starting symbol of the monitoring occasions, or the ending symbol of the monitoring occasions. For the overbooking rules, the mapping can be done with search-space set granularity (i.e. following Rel-15 principle), but per each half-slot independently.
If we go for a smaller granularity than half-slot, it would be difficult to define a fixed duration as 14 symbols can only be divided by 2 or 7. One possibility is to define a time window in terms of the number of symbols, and the number of BDs and CCEs within any sliding window should not exceed a certain limit. Any BD that partially falls into the window can be always counted, which should sufficiently address the issue of overlapping monitoring occasions. The time window e.g. can be defined as 2 or 3 symbols. However, this approach would significantly deviate from the current framework, and it can complicate the overbooking rules considering the sliding window.
Proposal: Introduce a new definition for the number of BDs and CCEs for channel estimation that a UE can support for Case 2 with a half-slot granularity. A simple extension of the current capability per slot to per half-slot using Table 3 can be considered. 
[bookmark: _Hlk510132502]Conclusions
In this contribution, we have discussed the limitation of the current UE capability of the number of BDs and CCEs for channel estimation in the context of URLLC with the following observations:
Observation 1: The current UE capability on the maximum number of CCEs for channel estimation per slot cannot support URLLC properly, so the number should be increased.
[bookmark: _Hlk521682513]Observation 2: The current UE capability on the maximum number of BDs and the maximum number of CCEs for channel estimation for Case 2 in NR is much lower than for Rel-15 LTE sTTI.
We have proposed the following to address the issue:
Proposal: Introduce a new definition for the number of BDs and CCEs for channel estimation that a UE can support for Case 2 with a half-slot granularity. A simple extension of the current capability per slot to per half-slot using the following table can be considered. 
	SCS
	15 kHz
	30 kHz
	60 kHz
	120 kHz

	Number of BDs per half-slot
	44
	36
	22
	20

	Number of CCEs per half-slot
	64
	64
	48
	32
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