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1
Introduction
The URLLC L1 study item was approved in RAN#80 and updated in RAN#81 [1]. The following L1 enhancements were included as part of the objectives, where the focus areas of enhancements to PDCCH/DL control operation for NR URLLC are clearly defined:

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
· PUSCH enhancements. Study focus on mini-slot level hopping & retransmission/repetition enhancements.

· Enhancements to scheduling/HARQ/CSI processing timeline (UE and gNB), (for existing TTI durations)
The discussions on the DCI scheduling URLLC can be found in Sec. 2 and considerations on the increased PDCCH monitoring capabilities for NR URLLC in Sec. 3. 

PDCCH repetition is not considered and handled in this contribution, based on the following RAN1 conclusion from AH 1901: 
Conclusion: PDCCH repetition is not considered further in this study item
2
On DCI enhancement for NR URLLC
In RAN1 AH-1901 meeting, based on observations of PDCCH performance, the following agreements are made regarding DCI format scheduling R16 NR URLLC.
Agreements:
For the DCI format scheduling Rel-16 NR URLLC, 

· Support potential reduction of the number of bits for at least one of the following fields compared to Rel-15 DCI 

· Frequency domain resource assignment

· Time domain resource assignment

· Modulation and coding scheme

· HARQ process number

· Redundancy version 

· PUCCH resource indicator
· PDSCH-to-HARQ_feedback timing indicator

· Downlink assignment index

· Note: Reduction of other fields are not precluded 

· Down-select one of the following options for the DCI format size – targeting down-selection in RAN1#96 (not to be captured in the TR for now)

· Option 1: Fixed DCI size targeting a reduction of 10~16 bits reduction compared to the DCI format size of Rel-15 fallback DCI

· Option 2: aligned with Rel-15 fallback DCI

· Option 3: configurable DCI size with the limitation as below  

· Minimum DCI size should target 10~16 bits reduction compared to the DCI format size of Rel-15 fallback DCI

· Maximum size should be equal to the DCI format size of Rel-15 fallback DCI

· Option 4: DCI with configurable sizes for some fields, while

· The maximum DCI size can be larger than Rel-15 fallback DCI

· The minimum DCI size target a reduction of 10~16 bits less than the DCI format size of Rel-15 fallback DCI

· Provide the possibility to align with the size of the Rel-15 fallback DCI (including possible zero padding if any)

· Option 5: no introduction of new DCI format due to this SI

· Note: The DCI format may be impacted by other objectives in this study item and/or the following work item, e.g. PDCCH repetition mechanism and/or UCI enhancement, or may be impacted by objectives in other study item and/or work item, e.g. multi-TRP transmission from Rel-16 work item   

In this section, we provide our understanding of the potential benefit of introducing new DCI formats (or modification of R15 DCI formats) scheduling R16 NR URLLC and share our views on how to proceed with the URLLC DCI enhancements. 
An observation is made during RAN1 AH-1901 meeting on PDCCH performance: 

Observation:

For carrier frequency 4 GHz with antenna configuration of 4 Tx/4 Rx, channel model of TDL-C 300 ns and a CORESET with 1 or 2 symbols, 12 sources show that Rel-15 NR PDCCH (e.g. DCI payload size 40 bits and AL=16) can meet the reliability of 99.9999% at the 5%-tile SINR geometry.
For the agreed scenario, R15 DCI format design can meet the reliability requirement, so supporting potential reduction of current DCI fields solely for reduced DCI payload size is neither a necessary nor an urgent task. On the other hand, it is already identified that for URLLC some new/modified fields (not available in any of the Rel-15 DCI formats) may be needed in the DCI scheduling URLLC, such as traffic or HARQ-ACK priority indication, dynamic repetition number indication just to name a few. These additional needed URLLC specific fields can be introduced independently of the chosen option for the DCI scheduling URLLC (including also Option 5!). Option 1 to 4 enhancements in terms of the ability to reduce the DCI size (based on specification and/or configuration) in this respect is to be considered as an (unnecessary) optimization. Therefore, we think that RAN1 should focus its discussion on the needed additional fields to support the needed new features for URLLC than trying to provide the option to reduce the DCI sizes (as given by Option 1 to 4). 

Observation 2-1: Some newly agreed URLLC features may require the introduction of new DCI field(s) or modification of existing DCI field(s), which will be discussed and decided separately from Options 1 to 5 for DCI field/size optimization.
Reducing the payload size (compared to the Rel-15 fallback DCI) targeted by Option 1, 3 and 4 could bring reduced SINR requirement which leads to better coverage or better reliability but at the same time reduces the scheduling flexibility. Therefore, we analyze options 1 to 4 by the scheduling flexibility they can provide. Among all the options, option 4 in general provides the most scheduling flexibility because option 4 covers by configurability all possibilities of variable DCI sizes that options 1 to 3 could offer. For option 4, the payload size is determined by gNB configuration and should be dependent on gNB’s awareness of the scenarios. If UE is on cell edge and at a low SNR range, gNB could configure the DCI size to the minimum to enhance the coverage, improve the reliability and/or reduce the required AL for the URLLC DCI transmission (i.e. reducing DL control overhead). On the other hand, if UE is located close to base station, gNB could configure less or no DCI payload size reduction to fully exploit the scheduling flexibility in order to utilize the available UL/DL resources more efficiently.

The discussion on ‘compact DCI’ in RAN1 has been going on for more than a year without leading to clear conclusions. Looking at the amount of needed specific decisions, for Option 1 having fixed DCI field sizes RAN1 will need to agree on the exact number of bits for each of the bit fields. Option 2 does not provide any overall size reduction benefit but still requires the discussion on reducing the current field sizes most likely with fixed sizes in order to fit in any new fields. For Option 3 and Option 4 having configurable field sizes, RAN1 would ‘only’ need to agree on the minimum field size value that can be configured. Therefore, we think that the probability for RAN1 to achieve consensus on the configurable field sizes will be much higher compared to fixed sizes required for Option 1 and Option 2. Moreover, different URLLC use cases, URLLC traffic types, deployment scenarios and related network implementation strategies may require different levels of scheduling flexibility provided by the different DCI fields. Therefore, we think that fixing the DCI sizes to a particular (smaller) size (in case of Option1 and Option 2) is clearly not a forward-looking, future-proof solution. Similarly, we don’t see a need to artificially limit the size of the configurable URLLC DCI by specification to be no more than the fallback DCI size (of Option 3). It introduces constraints without providing any benefit. As noted above, for UEs only serving URLLC traffic under different channel situations, the additional remaining scheduled flexibility of Option 4 to not reduce the DCI field sizes should be retained. Thus, if additional optimizations of the DCI field sizes are considered, then Option 4 should be chosen. 
Although option 4 provides flexibility for the gNB to choose the right balance between flexibility and reliability for each UE, it still requires a lot of discussion on what fields to be configurable and how to allocate the bit width. We should also bear in mind that a new DCI format (or a modification of R15 DCI format) with optimized field/size is not absolutely necessary since the reliability requirement can already be met by R15 DCI. We do have plenty of more urgent, needed URLLC tasks still at hand, including multiple PUCCH carrying HARQ-ACK in a slot, intra- and inter-UE multiplexing just to name a few, which demands immediate actions in Rel-16. To summarize, in our view DCI field/size optimization for R16 NR URLLC is a less urgent task, and the specification of Option 4 could be considered if time permits / as a second priority. Otherwise, Option 5 is to be chosen.   

Proposal 2-1: RAN1 to work on required introduction of new DCI fields and/or modification of existing DCI fields for newly agreed URLLC features with first/highest priority. The related DCI changes are to be decided as part of the related URLLC feature discussions. 

Proposal 2-2: Consider DCI size optimization enhancements of Option 4 for R16 NR URLLC only if time permits (with second/lower priority).  

A discussion on possible candidate DCI fields for configurable bit width reduction for Option 4 can be found in our earlier contribution [2]. 
3
Increased PDCCH monitoring capabilities
In this section, 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. This section contains the same content as Section 5 in R1-1900927.
3.1 Rel-15 PDCCH monitoring restrictions

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 [3] 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 3-1 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 4-1, 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 3-1: 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 3-1 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 3-2: 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.
3.2 Enhancements to PDCCH monitoring 

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 consider 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 3-3: 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 3-2.

Table 3-2 Example for the number of BDs and CCEs for Case 2
	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


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 3-1: 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 3-2 can be considered. 

4
Conclusions
In this contribution, we discussed PDCCH/DL control enhancements for NR URLLC specifically focusing on the DCI scheduling URLLC and PDCCH monitoring restrictions.
The necessity of size reduction of the DCI scheduling URLLC is discussed in Sec. 2, where we propose:

Observation 2-1: Some newly agreed URLLC features may require the introduction of new DCI field(s) or modification of existing DCI field(s), which will be discussed and decided separately from Options 1 to 5 for DCI field/size optimization.

Proposal 2-1: RAN1 to work on required introduction of new DCI fields and/or modification of existing DCI fields for newly agreed URLLC features with first/highest priority. The related DCI changes are to be decided as part of the related URLLC feature discussions. 

Proposal 2-2: Consider DCI size optimization enhancements of Option 4 for R16 NR URLLC only if time permits (with second/lower priority).  

In Section 3, we discuss the PDCCH monitoring restrictions including the maximum number of CCEs and BDs that a UE can support, more specifically, on how the Rel-15 UE capability significantly limits the performance of URLLC. We observe:
Observation 3-1: 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.

Observation 3-2: 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.
Observation 3-3: Per-slot definition of BD/CCE limits is not suitable for CASE 2 type of monitoring.
To address the issue, we propose:

Proposal 3-1: 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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