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[bookmark: _Hlk510705081]The URLLC L1 work item was approved in RAN#83 [1]. 
PDCCH enhancements are one of the objectives in the WID and noted as:
· Specification of PDCCH enhancements [RAN1]
· DCI format(s) with configurable sizes for some fields, with a minimum DCI size targeting a reduction of 10~16 bits relative to Rel-15 DCI format 0_0/1_0 and a maximum DCI size that can be larger than Rel-15 DCI format 0_0/1_0, and provide the possibility to align with the size of the DCI format 0_0/1_0 (including possible zero padding if any) 
· Increased PDCCH monitoring capability on at least the maximum number of non-overlapped CCEs per slot for channel estimation for at least one SCS subject to restrictions including, but not necessary limited to, those identified in TR 38.824. Enhancements for PDCCH monitoring capability on the maximum number of monitored PDCCH candidates per slot (with potential restrictions) can be further considered.

In Sec. 2 we discuss DCI format(s) with configurable sizes for some fields for scheduling URLLC traffic according to the first objective noted above. In Sec. 3 we discuss the second PDCCH enhancements objective of increased PDCCH monitoring capability. 

DCI scheduling URLLC traffic
In RAN1#96bis meeting, the following agreements were made regarding URLLC DCI enhancement. 
Agreements:
Support configurable number of bits for the following fields for DL DCI format scheduling Rel-16 URLLC.
· Carrier indicator (0 bit or at least one non-zero bit)
· PRB bundling size indicator (0 or 1 bit)
· Rate matching indicator (0, 1 or 2 bits)
· ZP CSI-RS trigger (0, 1 or 2 bits)
Agreements:
The following fields from Rel-15 DCI format 1_1 are not included (in case new DCI format) or can be configured to be absent (0 bit) as in Rel-15 (in case reusing the existing format) in the DL DCI format scheduling Rel-16 URLLC. 
· Modulation and coding scheme for TB 2
· New data indicator for TB 2
· Redundancy version for TB 2
· CBG transmission information 
· CBG flushing information 
Agreements:
Keep the following two fields without any change from Rel-15 DCI in DCI format scheduling Rel-16 URLLC:
· Identifier for DCI formats (1 bit) (when applicable)

Agreements:
The following field from Rel-15 DCI format 0_1 are not included (in case new DCI format) or can be configured to be absent (0 bit) as in Rel-15 (in case reusing the existing format) in the UL DCI format scheduling Rel-16 URLLC: 
· CBG transmission information 
Three remaining issues can be identified from the agreements, and below we summarize them as three questions which need answers: 
· Should we introduce a new DCI format for R16 URLLC scheduling or we modify the R15 DCI format and keep the number of formats unchanged? 
· What are the fields besides what were agreed for the R16 URLLC DCI format? And how should we design them?
· If we align the size of the new DCI with the R15 fallback DCI, how should we differentiate them? (UE capability on PDCCH decoding can be impacted.)
In this paper, we share our view on these remaining issues and propose methods to solve them in the following subsections.
Introducing new DCI formats for R16 URLLC 
In [2], we interpret the target of the new URLLC work item as: DCI formats with configurable sizes for some fields are considered in the PDCCH enhancements; the lower bound of the new size is targeted at a reduction of 10-16 bits relative to Rel-15 fallback DCI formats. Then, we start from Rel-15 non-fallback DCI formats and discuss potential size reduction of the existing fields. However, during the discussion of RAN1 #96bis meeting, it was identified that the decision on whether we should introduce a new DCI formats for Rel-16 URLLC scheduling or we just modify the existing non-fallback Rel-15 DCI formats and keep the number of formats unchanged impacts how we design the fields. 
To decide which way to go, introducing new formats or modifying the existing non-fallback DCI formats, a fundamental question needs to be answered: do we need two separate DCI formats/sizes for URLLC traffic and eMBB traffic at a time for a UE which supports both of them? URLLC demands much higher reliability on PDCCH decoding, URLLC DCI (hereafter we call URLLC DCI as what gNB uses to schedule URLLC traffic) format with smaller size compared to eMBB DCI (here after we call eMBB DCI as what gNB uses to schedule eMBB traffic) can be beneficial for URLLC scheduling. But the needed restrictions of having a small DCI size configured for URLLC, for a UE having mixed traffic will be far from optimal for the eMBB operation. 
Looking first at a UE having only URLLC traffic, having the non-fallback DCI formats 0_1 and 1_1 configurable or introducing new formats 0_X and 1_X for URLLC scheduling does not really make any difference. As only URLLC is scheduled, the gNB may configure the UE with the intended URLLC optimizations in either case, and then operate the UE DL control using the fall-back DCI formats and the URLLC configured non-fallback formats 0_1 & 1_1, or in case of new DCI formats with the fall-back DCI formats and the new URLLC DCI formats 0_X & 1_X. Both are resulting in the same flexibility, same number of BDs and the same number of DCI sizes for monitoring. 
The situation is very much different when considering the operation for a UE having simultaneous URLLC and eMBB traffic. In case we modify the existing non-fallback DCI formats for URLLC operation, the eMBB traffic can be either operated using the fallback DCI formats or the non-fallback DCI tailored to URLLC operation by configuration. In any case, this will mean that the eMBB operation will be impacted by either the limitations of the fallback DCI for eMBB operation (e.g. in terms of MIMO operation etc.) or is impacted by the restrictions the gNB is configuring for URLLC to keep the DCI size low. In any case, the eMBB operation will be restricted here as the intention of Rel-15 eMBB philosophy of having the non-fallback DCI configured to optimally support eMBB traffic cannot be applied any more. 
In contrast, when introducing new DCI formats 0_X and 1_X for URLLC operation, a mixed traffic UE can be operated with the URLLC configured optimized new DCI formats for URLLC and eMBB using the non-fallback DCI formats tailored through configuration for eMBB operation. When only configuring the non-fallback and the new DCI formats for USS monitoring and assuming the UL and DL URLLC DCI formats to be size-aligned, neither the number of CCEs for PDCCH monitoring nor the number of required BDs will be increased compared to option of configuring the non-fallback DCI formats for URLLC operation. The only thing that is impacted by this additional flexibility and optimization for mixed URLLC & eMBB traffic operation is the number of DCI sizes to be monitored (i.e. effect on the DCI size budget). One may now argue, that in case the URLLC configurability is done for the fallback DCI on USS the same would be possible as well as the non-fallback DCI can still be optimally used for eMBB operation. We would like to note here, that this in the end will result in the same issue in terms of DCI size budget, as the size of the fallback DCI on CSS (which cannot be modified) and the configured URLLC DCI formats again would not be aligned. Therefore, to limit the specification impact in terms of changing the fallback DCI formats dramatically, we prefer the introduction of new DCI formats instead.
Based on the discussion above we see the limitations of modifying the existing non-fallback DCI formats to operate URLLC for a mixed traffic UE to be too restrictive and are in favor of introducing new DCI formats for scheduling URLLC traffic.
Observation 2-1: Introducing new DCI formats for URLLC scheduling retains the optimized scheduling flexibility of the non-fallback DCI formats for eMBB operation for mixed traffic UEs. In contrast, using modified non-fallback DCI formats for URLLC operation will impact the eMBB operation efficiency for mixed traffic UEs. 
Proposal 2-1: Introduce a new UL and DL DCI format for Rel-16 URLLC scheduling. 

Coming with the introduction of a new DCI format, current DCI size budget needs to be revisited. In Rel-15, if format 0_0/1_0 are configured in both CSS and USS, format 0_1/1_1 are configured in USS, to satisfy the budget of 3 DCI sizes for C-RNTI based DCIs, likely we have the following configuration:
· Format 0_1 and 1_1 are likely to be different sizes, so they use 2 C-RNTI-based DCI sizes.
· format 0_0/1_0 in CSS and USS, 1 C-RNTI based DCI size is taken. 
Adding new DCI formats, which can have different size(s), requests enhancement on DCI size budget. This should not be an issue as for Rel-16 more powerful UE is expected and the discussion on promoting the UE monitoring capability is ongoing for a long time. So we propose to enhance the UE DCI size budget from “3+1” to at least “4+1” (assuming the new DCI formats for DL and UL are size-aligned) for Rel-16 URLLC transmission. 
Proposal 2-2: Enhance the UE DCI size budget to at least “4+1” for Rel-16 URLLC transmission. 
 
Configuration of R16 URLLC format for flexible scheduling
In RAN1 #96bis meeting, fields of CBG transmission and TB2 are agreed to not be present in the new DCI format while fields of carrier indicator, ZP CSI, rate matching and PRB bundling are agreed to be configurable with scheduling flexibility as Rel-15 non-fallback DCI. To maximize the scheduling flexibility of the new URLLC DCI format and minimize the discussion/specification effort, in general we would like to make all fields (using Rel-15 non-fallback DCI as a baseline) configurable and at least retain the value range. And to enhance the new DCI format design and provide even smaller size for URLLC DCI, we have the following proposals. 

Frequency domain resource allocation (FDRA):
In Rel-15, two types of frequency domain resource allocation are specified, RA type 0 (i.e. using bitmap indication) and RA type 1 (i.e. starting symbol with length indication). The RA type 0 is based on granularity of RBG while type 1 is based on granularity of RB. To compress the field bitwidth for FDRA, coarser granularity can be considered because for URLLC transmission usually lower MCS is needed to meet the reliability requirement and shorter duration is needed to meet the latency requirement, and thus larger chunks of frequency domain resources are scheduled so the transmission is completed within tight latency requirement.  

For RA type 0, a multiplier K could be introduced in RRC signalling, and based on the multiplier the granularity of bitmap indication is expressed in multiple of RBGs. In this way, the field bitwidth is compressed by a factor of 1/K resulting in a reduction of the FDRA overhead by K. The absolute number of bits saved depends on the multiplier K configured in RRC signalling, the size of working bandwidth part and the RBG configuration type (applicable to both configuration 1 and 2). Alternatively, additional FDRA configurations (e.g. configuration 3, 4,…) could be considered but then again, it will be up to 3GPP to define the exact size of the related RBG size for each of the potential additional configuration whereas a configurable multiplication factor K allows the gNB to balance the trade-off between FDRA granularity and the related DCI overhead directly by gNB configuration. The related number of bits for the Rel-15 type 0 as well as the additional savings by using a multiplication factor K are shown in Table 2-1 below. As can be seen, for smaller BWP sizes using Rel-15 type 0 with configuration 2 will already reduce the DCI payload size compared to the fallback DCI applying RA type 1 (e.g. 4 and 6 bits saving for 52 & 106 PRBs, respectively). A further DCI field size reduction is then possible using the multiplication factor.   

Table 2-1: Required number of FDRA bits for Type 0 RA compared to fallback DCI
	BWP size (RB)
	52 RBs
	106 RBs
	264 RBs

	Type 1 in Rel15 (fallback DCI)
	11 bits
	13 bits
	16 bits

	Type 0, Config. 1 – Rel-15 
	13 bits
	14 bits
	17 bits

	Type 0, Config. 2 – Rel-15 
	7 bits
	7 bits
	17 bits

	Type 0, Config. 1 – K=2
	7 bits
	7 bits
	9 bits 

	Type 0, Config. 2 – K=2
	4 bits
	4 bits
	9 bits 

	Type 0, Config. 1 – K=4
	4 bits
	4 bits
	5 bits 

	Type 0, Config. 2 – K=4 
	2 bits
	2 bits
	5 bits 




Proposal 2-3: Introduce a configurable multiplier to the RBG size for resource allocation type 0 to enable a configurable DCI field size reduction of the frequency domain resource allocation. 

For the starting symbol with length indication type, RA type 1, coarser granularity in multiple of RB or RBG can also be applied to the length indication to compress the bitwidth. In addition, there was a proposal to keep the starting symbol indicated in RB or at least with finer granularity compared to the length indication, in order to enable better f-domain multiplexing of already scheduled longer eMBB PDSCH/PUSCH with later assigned URLLC PDSCH/PUSCH. Overall, we think that a coarser starting point and length granularity for RA type 1 is clearly feasible but some further details on the configurable granularity for start/length will still need to be discussed. Looking at the issue of multiplexing, one option would be to enable to configure the starting point and length granularity independently to keep the flexibility for the gNB to operate in different conditions with multiplexing assumptions (i.e. URLLC only / mix of URLLC and eMBB traffic. In Table 2-2 below we show the required number of bits for RA type 1 assuming a starting & length granularity of 2, 4, 8 and 16 PRBs. Considering the step size as a type of RBG definition for RA Type 1, the required number of bits is therefore given by [image: ]. 

Table 2-2: Required number of FDRA bits for Type 1 RA with increased step size
	BWP size (RB)
	52 PRBs
	106 PRBs
	264 PRBs

	Type 1 in Rel15 (fallback DCI)
	11 bits
	13 bits
	16 bits

	Type 1 with a stepsize=4
	7 bits
	9 bits
	12 bits

	Type 1 with a stepsize=8
	6 bits
	7 bits
	10 bits

	Type 1 with a stepsize=16
	2 bits
	5 bits
	8 bits




Proposal 2-4: Support a configurable coarser starting point and length indication granularity for RA type 1 for URLLC scheduling. Details including separate configurability for start / length are FFS. 

Time domain resource assignment​:
In Rel-15, for time domain resource allocation of PDSCH, DCI shall indicate an index to a UE-specific table from which time domain parameters K0, starting symbol and length as well as the mapping type are identified. The UE specific table is configured by RRC signaling and consists of up to 16 rows. 
The size of the TDRA field in the fallback DCIs (format 0_0 & 1_0) is fixed to 4 bit per specification, whereas for the configurable (non-fallback) DCIs the TDRA field size is already variable based on the UE specific table configuration (0-4bits). Therefore, we think that this flexibility given by the non-fallback DCI is already sufficient and can be directly reused for the DCI scheduling URLLC.
 
Observation 2-2: The flexibility of the Rel-15 non-fallback DCIs to reduce the TDRA field size by configuration could be directly reused for the URLLC scheduling.  
  
As discussed by several companies during the SI phase already, the starting symbol value S for PDSCH URLLC application could be redefined to change the reference point from slot boundary to the start of the scheduling PDCCH transmission, as especially for URLLC scheduling having the DL assignment transmitted much in advance of the PDSCH seems against the logic of low latency communication. Therefore, only a smaller number of states of S will be needed in the TDRA table compared to the case of having the reference at the slot boundary. Looking at the supported PDSCH mapping types in Table 5.1.2.1-1 of TS 38124, clearly PDSCH mapping Type A would be better fitting to the changed reference timing definition but the restriction of not allowing L<3 could be revisited accordingly (i.e. L=2 should be supported).

Proposal 2-5: The reference point for the starting symbol of TDRA for PDSCH can be the start of the PDCCH transmission. Modifications to PDSCH mapping types (e.g. L=2 for Type A) are FFS. 

Modulation and coding scheme​:
As for URLLC transmission the link adaption algorithm is usually designed conservative to guarantee the reliability requirement, less entries in the MCS table may be needed for URLLC compared to eMBB transmission. There was a proposal to use the lowest 8 entries for URLLC transmission to reduce the size of the MCS field to 3bits, however this hard reduction overlooks the possibility that UE might be in a good channel condition and could use the opportunity to transmit with higher MCS. One way to enhance the proposal, compress the MCS field while keep the possibility to schedule UE to transmit within a wide range of channel conditions without losing performance, is to add an anchoring index combined with 4 (2bit), 8 (3bit) or 16 (4bit) continuous entires within the MCS table.

[image: ]
Figure 3-1: The anchoring index and 8 continuous entries in MCS table.

As shown in Fig. 3-1, the anchoring index is RRC configured for the UE and could be any entry in the legacy MCS table. The 8 continuous MCS entries in the example of Figure 1 starting from the anchoring index are signalled with 3 bits in DCI and represent the deviation from the anchoring index. Together with the anchor index, the gNB may configure the number of bits in the DCI field to define the number of different MCS entries which can be dynamically signalled in the DCI (0-4 bits).  If the URLLC UE stays within a stable environment and the gNB would not need the option of link adaptation, in principle 0bits for MCS in the DCI could be configured and the anchoring index could directly give the applicable MCS for all UL-SCH & DL-SCH communication leading bits saving up to 5 bits compared to fallback DCI. 

Another alternative discussed already during the Rel-15 discussions would be to make the MCS table size as well as the related MCS entries fully configurable. This enables any combination of MCS entries, including the possibility of having the entries non-continuous and spread over a larger range of MCS values. This may be especially of interest, if the same DCI is used to schedule eMBB and URLLC traffic for a single UE and therefore a different range of MCS entries may be required for the eMBB and URLLC operation. This option will clearly have a larger RRC signalling overhead (as the table needs to be configured) but will provide some more flexibility than the anchor approach above.    

Proposal 2-6: Support a configurable size for the MCS field in the scheduling DCI. Details on the MCS signalling definition are FFS. 

HARQ process number​: ​
To guarantee the high reliability requirement within tight latency requirement of URLLC transmission, gNB scheduling is usually quite conservative and HARQ transmission rarely happens. Moreover, within the tight latency bound there may not be even the option to perform extensive HARQ retransmissions and a lower number of HARQ processes may be sufficient. As already for the case for Rel-15 SPS and CG, the number of applicable HARQ processes for operation could be also higher layer configured for dynamically scheduled PDSCH/PUSCH operation. The number of HARQ processes could then determine the bit field size in the DCI.  

Proposal 2-7: Support a configurable number of HARQ processes for dynamically scheduled PUSCH/PDSCH operation (similarly as already supported for Rel-15 SPS / CG), which determines the field size of the HARQ process number. 

Redundancy version: ​
Clearly, the latency will reduce the possible HARQ-retransmission possibilities for URLLC and for certain latency targets the communication will need to fully rely on single shot transmissions. Therefore, there may not be a need to dynamically indicate the applicable RV with 2bits in the DCI (and may even not be needed at all). Moreover, for very low spectral efficiency /MCS operation (typical for highly reliable transmissions), the gain of incremental redundancy will be very much limited. But again, if the same DCI is to be used for URLLC and eMBB operation of a single UE, the RV flexibility may still be required. Therefore, a configurable size of the RV field (0/1/2bits) in the scheduled DCI is suggested. In case of no RV indication in the DCI RV0 is to be applied (supporting only chase combining) and for 1bit RV redundancy versions {0, 3} are suggested to be used. 

Proposal 2-8: Support a configurable redundancy version field size of 0, 1 or 2 bits. In case of 0-bit RV indication RV0 is to be applied, and in case of 1-bit RV either RV0 or RV3 is to be dynamically indicated.

Antenna ports, SRS request, TCI and DM-RS sequence initialization: 

To enable the MIMO features with full scheduling flexibility and also minimize the new DCI format size when MIMO is not applicable, MIMO related fields in general can be configured to zero bit and the full value range as Rel-15 non-fallback DCI shall be supported in addition. Note that though TB2 is not applied to the new format, the value range of these MIMO fields are kept unchanged, only the interpretation in TS38.212 Table 7.3.1.2.2-1, 7.3.1.2.2-2, 7.3.1.2.2-3, 7.3.1.2.2-4 is simplified. 

Proposal 2-9: Support configurable MIMO related fields, including Antenna ports, SRS request, TCI and DM-RS sequence initialization. The fields can be configured to zero bit and with a full value range as Rel-15 non-fallback DCI supported. 


PUCCH resource indicator​, PDSCH-to-HARQ_feedback timing indicator​, and downlink assignment index​:

These fields are discussed as part of the WID in AI 7.2.6.2. Therefore, the required flexibility in terms of DAI, PUCCH resource & PDSCH-to-HARQ feedback timing indication will only be known after having a clearer picture of the Rel-16 URLLC UCI operation. Therefore, we suggest to post-pone the discussions after having more clarity of the outcome of UCI enhancements. 

Proposal 2-10: Post-pone the discussions on potential field size reduction of PUCCH resource indication, PDSCH-to-HARQ feedback timing indication and DAI until after having (more) clarity on the supported Rel-16 UCI enhancements for URLLC. 

With the proposed configurability in this section, we present the summary of the needed bits in Table 2-3 for the case of 106 PRBs. As can be seen from here, clearly a saving of 10-16 bits compared to the Rel-15 fallback DCI is feasible. 
Table 2-3: Number of bits based on the proposed configurability
	DCI field
	# bits for Rel-15 fallback DCI
	# bits for URLLC DCI

	Frequency domain resource allocation (106 PRBs)
	13

	2-14

	Time domain resource allocation
	4
	0-4

	HARQ process
	4
	0-4

	MCS
	5
	0-5

	RV
	2
	0-2



Observation 2-3: With the proposed enhancements, the target of DCI size reduction of 10-16 bits can be achieved. 


Size alignment between the new DCI format and Rel-15 fallback DCI
As one of the objectives of DCI enhancement for AI 7.2.6.1, size alignment between the new DCI format and legacy Rel-15 fallback DCI is identified in [1], the motivation of which per our knowledge is for DCI size budget saving and/or # of CCEs/BDs limit. One issue coming with the size alignment between the new DCI format and the legacy fallback DCI in Rel-15 is how to separate the two formats with the same size.
Based on company’s contributions to previous meetings the following options to differentiate the URLLC DCI and fallback DCI have been identified: 
· Using different CORESETs or search spaces for the different DCIs of same size
· Example 1: use different search space sets to differentiate fallback DCI on USS and URLLC DCI on USS when they are size-aligned.
· Example 2: CSS / USS differentiation for fallback DCI on CSS and URLLC DCI on USS when they are size aligned
· Using an explicit indication (e.g. differentiation bit) in the DCIs
· Using different RNTI of the size aligned fallback DCI and DCI scheduling URLLC

Using different CORESETs or search spaces to differentiate the DCIs of same size on USS is only solving the DCI size budget but is not really helping the scheduling operation otherwise. Let’s assume the gNB would like to have X BDs for fallback DCI and Y BDs for URLLC DCI per certain time unit (such as a slot), still the UE would need to perform X+Y BDs, so one of the main motivations of the DCI size alignment itself is therefore not provided by this method. Similarly, using different CORESETs or search spaces may increase the required number of #CCEs for UE monitoring. Therefore, we think that other methods should be considered further. 
Observation 2-4: Using different CORESETs or search space sets for differentiating the size-aligned fallback DCI on USS and URLLC DCI on USS cannot provide the BD reduction intended by the DCI size alignment procedure. 
Now let us further consider the option of using CSS and USS differentiation for fallback DCI on CSS and URLLC DCI on USS when they are size aligned. In Rel-15 as fallback DCI scheduled in CSS and USS may perfectly overlap and cannot be distinguished, UE assumption is specified to resolve to problem, that UE only decodes the fallback DCI in CSS [3]. This method can certainly be reused if the UE only decodes the fallback DCI in CSS and is not configured to monitor for the fallback DCI in USS. For a UE having only URLLC traffic this is directly applicable. But when having a mixed traffic UE in mind, as discussed in Sec. 2.1, this is again depending on the assumption if a new DCI formats for URLLC are introduced or not – and how the eMBB traffic is to be scheduled (using the fallback DCI, URLLC DCI, or non-fallback DCI if having URLLC DCI introduced). If for such mixed UE the fallback operation on USS (e.g. for eMBB operation) would still be required, this method alone is not sufficient. Therefore, using USS / CSS to differentiate the DCI formats of same size may not be generically applicable.
Observation 2-5: Using CSS / USS to differentiate the size-aligned fallback DCI on CSS and URLLC DCI on USS is not sufficient as a stand-alone solution if the fallback DCI is also configured in USS and is size-aligned with fallback DCI in CSS.

Another method is to add one format indication bit to the new DCI format. Even though we have an agreement that Rel-15 fallback DCI will not be modified in CSS, adding one indication bit when it is scheduled in USS is still on the table. Introducing this one bit will increase the DCI size by one bit, which should not have any significant impact on the decoding performance. If not handled otherwise, the size alignment procedure for fallback DCI in USS and CSS does not work any more because fallback DCI in USS would have 1 more bit, which would increases the number of DCI sizes to be monitored. In Rel-15, when the fallback DCI in USS needs to be size aligned with the fallback DCI on CSS, FDRA field of the fallback DCI in USS can be adjusted to match the size of the field in CSS, in order to meet the DCI size budget. Same solution can be applied again here. We can add one format indication bit in fallback DCI in USS and further reduce the FDRA field size to make it size aligned with fallback DCI in CSS. If the DCI size budget is not of concern (e.g. if the DCI size budget is increased to “4+1” as proposed in Proposal 2-2), such additional optimizations would not be required. Overall, using this method is somehow along the spirit of the DCI format differentiation of the fallback DCI and would be generically applicable. In contrast to USS CORESET and search space differentiation, the number of BDs is not increased. 
Observation 2-6: Using explicit indication in the DCI format to differentiate the size-aligned fallback DCI on USS and URLLC DCI on USS is generically applicable. The size alignment between the fallback DCI on CSS and USS can be further considered, in case the DCI size budget is of concern.  
The idea of using different RNTIs is extensively used in LTE and Rel-15 NR, such as CG/SPS and dynamic scheduling as well as the URLLC MCS table in Rel-15 NR. As such, using different RNTIs is generically applicable, does not increase the USS BDs but from UE perspective overall will increase the false-alarm rate. For simplicity, assuming the same X PDCCH candidates/BDs for monitoring of fallback and URLLC DCI, the false alarm rate will be given by an equivalent of 2*X BDs. Therefore, if false-alarm rate is of concern (as pointed out by some companies), then the RNTI differentiation should not be used. 
Observation 2-7: Using different RNTIs to differentiate the size-aligned fallback DCI and URLLC DCI is generically applicable but increases the overall false-positive decoding probability. 
To summarize the discussions here, we prefer to further discuss only the generically applicable methods for the DCI format differentiation, namely using different RNTIs or an explicit indication in the DCI. 
Proposal 2-11: Restrict the further discussions on the differentiation of the size-aligned fallback DCI and URLLC DCI on the options of explicit indication in the fallback DCI and applying different RNTIs.
  
Increased PDCCH monitoring capability
In this section, we will discuss how the Rel-15 UE capability significantly limits the operation of URLLC and share our view on what needs to be considered in the framework for the enhanced monitoring capability based on the span concept.
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 Rel-15. Regarding the maximum number of BDs and CCEs for channel estimation (including Case 2), the following was specified in TS 38.213:
	Table 10.1-2: Maximum number [image: ] of monitored PDCCH candidates per slot for a DL BWP with SCS configuration [image: ] for a single serving cell
	[image: ]
	Maximum number of monitored PDCCH candidates per slot and per serving cell [image: ]

	0
	44

	1
	36

	2
	22

	3
	20


…
Table 10.1-3: Maximum number [image: ] of non-overlapped CCEs per slot for a DL BWP with SCS configuration [image: ] for a single serving cell
	[image: ]
	Maximum number of non-overlapped CCEs per slot and per serving cell [image: ]

	0
	56

	1
	56

	2
	48

	3
	32






These numbers may be fine for Case 1-1/1-2 where slot-based scheduling is used. It can become significantly limited for Case 2, where multiple monitoring occasions are configured within a slot and the candidates will be spread out in time. 
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 [4] 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. Also note that 4 or 7 monitoring occasions were assumed for 30kHz in [5] for the latency analysis when evaluating the enhanced PDSCH/PUSCH processing timeline.
Let us do some simple analysis to see what the current BD and CCE limits mean for URLLC operation, assuming 4 monitoring occasions in a slot.
The number of CCEs
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 4 monitoring occasions per slot, 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 3-1, we can see that there are quite a few important cases which we cannot support. Also note that these numbers do not include any CCEs used for CSS monitoring yet. 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.
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

	4 monitoring occasions per slot
	32
	64
	64
	128

	2 monitoring occasions per slot
	16
	32
	32
	64



Above analysis only considers one or two candidates for AL8 or AL16, which may not really represent realistic configurations. In reality, there should be at least a few ALs being configured to accommodate the channel fading and/or UE mobility. Here we simulate the number of CCEs that is required for a UE with more realistic search space configuration. For the consideration on the maximum number of CCEs, the bottleneck comes from the cases when a UE is in a bad RF condition which would require high ALs being configured, which is the focus here. We consider the following configurations:
· System: 30kHz SCS, 40 MHz (106 RBs)
· CORESET configuration
· 1 OFDM symbol, 102 RBs in frequency (17 CCEs)
· 2 OFDM symbols, 102 RBs in frequency (a total of 34 CCEs)
· A single UE-specific search space set (for URLLC) with 4 monitoring occasions per slot. The number of candidates for ALs of (1, 2, 4, 8, 16) per monitoring occasion is:
· (4, 4, 2, 1, 1) – up to 44 non-overlapping CCEs per monitoring occasion
· (0, 0, 2, 1, 1) – this is considered as a bare minimum configuration for a UE that requires AL of 16. Up to 32 non-overlapping CCEs per monitoring occasion
For each case, the following distributions are provided in Appendix A:
· The distribution of the number of CCEs per slot collected from different slots for different UEs / RNTIs
· This shows how many CCEs are needed in each slot.
· The distribution of the maximum number of CCEs per slot over all slots for a UE collected from different UEs/RNTIs
· This shows how many CCEs are needed for a UE not to drop the USS in any slot.
Table 3-2 summarizes the maximum number of CCEs per slot over all slots for a UE. Based on Rel-15 behavior, if the number of CCEs per slot from the PDCCH configuration exceeds the UE capability in a slot, the entire search space set (SSS) will be dropped in this slot, meaning that no URLLC traffic can be scheduled in this slot on USS. Therefore, the numbers in the table would need to be supported if we want to avoid SSS dropping in any slot.
Table 3-2 Maximum number of CCEs per slot over all slots with 4 monitoring occasions
	The number of candidates for ALs of (1, 2, 4, 8, 16) per monitoring occasion
	1-OS CORESET
	2-OS CORESET

	(4, 4, 2, 1, 1)
	68
	124

	(0, 0, 2, 1, 1)
	64
	112



Note that this only consider a single USS. No CSS or other USS (e.g. for eMBB traffic) has been counted, which need to be added on top of these numbers to figure out the actual required PDCCH monitoring capability. Also, a single candidate is assumed for AL8 and AL16, which is not sufficient to schedule DL and UL in the same monitoring occasion in case e.g. AL16 is needed for the DCI. Even so, the numbers are still significantly beyond the Rel-15 capability.
Observation 3-1: The maximum number of CCEs per slot required to support URLLC properly is significantly higher than Rel-15 capability.
Comparison with LTE sTTI
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 Rel-15 NR 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.

Enhancements to PDCCH monitoring 
[bookmark: _Hlk510133084]It has been agreed to increase at least the maximum number of CCEs per slot for some SCS(s). It is well known that per-slot definition of BD/CCE limits is not suitable for CASE 2 type of monitoring, as it does not allow the UE to take advantage of the pipelining process and is not friendly for UE implementation. In RAN1#96bis, it has been proposed in the feature lead summary [6] to reuse the concept in UE feature 3-5b (including the span duration and span separation) to define the framework for the enhanced UE monitoring capability. This seems to be a reasonable approach because it would allow the UE to design pipelining properly to reduce the complexity.
The following is the definition of UE feature FG-3-5b (All PDCCH monitoring occasion can be any OFDM symbol(s) of a slot for Case 2 with a span gap) in Rel-15. The candidate value set for (X, Y) include {(7, 3), (4, 3) and (7, 3), (2, 2) and (4, 3) and (7, 3)}.
	PDCCH monitoring occasions of FG-3-1, plus additional  PDCCH monitoring occasion(s) can be any OFDM symbol(s) of a slot for Case 2, and for any two PDCCH monitoring occasions belonging to different spans, where at least one of them is not the monitoring occasions of FG-3-1, in same or different search spaces, there is a minimum time separation of X OFDM symbols (including the cross-slot boundary case) between the start of two spans, where each span is of length up to Y consecutive OFDM symbols of a slot. Spans do not overlap. Every span is contained in a single slot. The same span pattern repeats in every slot. The separation between consecutive spans within and across slots may be unequal but the same (X, Y) limit must be satisfied by all spans.  Every monitoring occasion is fully contained in one span. In order to determine a suitable span pattern, first a bitmap b(l), 0<=l<=13 is generated, where b(l)=1 if symbol l of any slot is part of a monitoring occasion, b(l)=0 otherwise. The first span in the span pattern begins at the smallest l for which b(l)=1. The next span in the span pattern begins at the smallest l not included in the previous span(s) for which b(l)=1. The span duration is max{maximum value of all CORESET durations, minimum value of Y in the UE reported candidate value} except possibly the last span in a slot which can be of shorter duration. A particular PDCCH monitoring configuration meets the UE capability limitation if the span arrangement satisfies the gap separation for at least one (X, Y) in the UE reported candidate value set in every slot, including cross slot boundary.
For the set of monitoring occasions which are within the same span:
· Processing one unicast DCI scheduling DL and one unicast DCI scheduling UL per scheduled CC across this set of monitoring occasions for FDD
· Processing one unicast DCI scheduling DL and two unicast DCI scheduling UL per scheduled CC across this set of monitoring occasions for TDD
· Processing two unicast DCI scheduling DL and one unicast DCI scheduling UL per scheduled CC across this set of monitoring occasions for TDD
The number of different start symbol indices of spans for all PDCCH monitoring occasions per slot, including PDCCH monitoring occasions of FG-3-1, is no more than floor(14/X) (X is minimum among values reported by UE).
The number of different start symbol indices of PDCCH monitoring occasions per slot including PDCCH monitoring occasions of FG-3-1, is no more than 7.
The number of different start symbol indices of PDCCH monitoring occasions per half-slot including PDCCH monitoring occasions of FG-3-1 is no more than 4 in SCell.



Reusing the definition of span in FG-3-5b
One issue about directly reusing the definition of span in FG-3-5b is the definition of the span duration. The span duration of max{maximum value of all CORESET durations, minimum value of Y in the UE reported candidate value} (except possibly the last span in a slot which can be of shorter duration) may not be appropriate for URLLC any more. This is illustrated in Figure 3-1. Assume that a UE reports {(2, 2) (4,3) (7,3)} and it is configured with two monitoring occasions within a slot each having a length of 2 symbols . Following the definition of the span duration in FG-3-5b, the span duration is 2 symbols. This implies that the configuration would need to follow (X,Y)=(2,2). With Rel-16 enhancements, the expectation is that there will be different number of CCEs/BDs defined/reported for different (X, Y) combinations (unlike in Rel-15 there is only the total number of CCEs/BDs in a slot), and the maximum number of CCEs/BDs per span would be smaller for (2,2) than for (4,3) or (7,3). If we are forced to follow (2,2) in this case, the maximum number of CCEs/BDs would be smaller than what the UE can actually support e.g. with (7,3), for which the PDCCH configuration can also satisfy the span duration/separation constraints. This is not an issue for Rel-15 because the maximum number of CCEs/BDs is defined per slot, not per span. But now the Rel-15 span duration definition creates an issue for URLLC, which unnecessarily degrades the performance.
[image: ]
Figure 3-1 Impact of the definition of span duration
Therefore, to fully utilize the UE capability, rather than using minimum value of Y in the UE reported candidate value, any reported combination (X, Y) should be allowed to be used as long as the span duration/separation constraints are satisfied.
Proposal 3-1: The definition of span separation/duration (X, Y) in FG-3-5b is reused for defining enhanced PDCCH monitoring capability in Rel-16, except that “The span duration is max{maximum value of all CORESET durations, minimum value of Y in the UE reported candidate value} except possibly the last span in a slot which can be of shorter duration.” is removed.
· That is, a particular PDCCH monitoring configuration meets the UE capability limitation if the span arrangement satisfies the gap separation for any (X, Y) and the corresponding maximum number CCEs[/BDs] per span in the UE reported candidate value set in every slot, including cross slot boundary.
Even though it has only agreed to increase CCE monitoring capability so far, if we adopt the framework to define the enhanced monitoring based on span, it would make sense to apply the same framework to the number of BDs as well. Firstly, this makes sense from UE dimensioning point of view when designing pipelining. Secondly, if we keep Rel-15 framework for the number of BDs, we would have CCE limit on span-basis and BD limit on slot-basis. This may create complication and inefficiency when handling PDCCH overbooking/dropping. For example, if the number of CCEs in a particular span and the number of BDs in the slot is exceeded due to the CSS in the span, Candidates in USS (assuming a single USS is configured) in the entire slot would be dropped following Rel-15 principle. On the other hand, if the number of BDs also adopts the per-span limit, only the USS candidates in the span would need to be dropped.
Observation 3-3: If span duration/separation is adopted as the framework to define the enhanced CCE monitoring, it makes sense to use the same framework for the BD monitoring to be more friendly to UE pipelining design and avoid inefficient handling in BD dropping.
As mentioned earlier, the general expectation is that there will be the maximum number of CCEs/BDs defined/reported for each (X, Y) combination. However, it is unclear e.g. whether different UEs may report different values for the number of CCEs/BDs, and which parts are defined in specifications and which parts are defined as part of UE features. Generally speaking, there is a strong preference to have a single value for the maximum number of CCEs/BDs per span defined for each (X, Y) combination. Even if multiple values are defined for a (X, Y) combination, the UE implementation may go for the smallest number anyway. Having multiple values also complicates the PDCCH scheduling at the gNB a lot due to different UE capabilities.
On the other hand, whether (X, Y) and the corresponding number of CCEs/BDs per span should be defined in specifications or UE features can be a secondary consideration, and this can be decided after we know more details about the enhanced capability, e.g. how many combinations we need to handle.
Proposal 3-2: For each (X, Y) combination, a single value is defined or can be reported for the maximum number of CCEs[/BDs]. Whether to have the values defined in the specifications or UE features can be decided later after more details are available.
The candidate value set for (X, Y)
The candidate value set for (X, Y) needs to be re-considered. This was also reflected in Proposal 4-4 in the feature lead summary [6], and the following was proposed for further consideration:
	
	X
	Y
	M

	Case 1
	1
	1
	

	Case 2
	2
	1
	

	Case 3
	2
	2
	

	Case 4
	4
	1
	

	Case 5
	4
	2
	

	Case 6
	4
	3
	

	Case 7
	7
	1
	

	Case 8
	7
	2
	

	Case 9
	7
	3
	

	Note: Other cases are not precluded



· There were a large set of value set for (X, Y) proposed for consideration in Proposal 4-4 in [6]. In general, it would be desirable to reduce the number of combinations to avoid too many different possibilities, especially if some of the combinations do not have significant impact on UE complexity.
· One example is whether it is necessary to have all 3 combinations for span of 7, i.e. (7, 1), (7, 2), and (7, 3). These 3 combinations may not have a very different number of CCEs/BDs given the same amount of UE processing. Even for (7, 3), the UE may already have sufficient time to finish the processing of all PDCCH candidates before the start of the next span. If this is the case, keeping (7, 3) could be sufficient.
· Another possibility for reducing the number of combinations is to remove some cases that are used to support 3-symbol CORESET (e.g. (4, 3)), because this is a more unlikely case especially for URLLC.
· Span separation of 2, 4, and 7 symbols are suitable for providing 7, 3, and 2 monitoring occasions in a slot, respectively. None of these is a good fit for providing 4 monitoring occasions in a slot, which is an important case for URLLC. In this sense, it would be desirable to e.g. introduce a span separation of 3 symbols.
Observation 3-4: It is generally desirable to reduce the number of combinations of (X, Y).
Proposal 3-3: Introduce a span separation X of 3 symbols.

Handling of CSS and slot-based USS in the enhanced PDCCH monitoring framework
For a UE capable of the enhanced monitoring capability, if it is configured with slot-based PDCCH monitoring only, it should be covered by the basic PDCCH feature FG-3-1, which is a mandatory feature for all the UEs. Therefore, the UE should be able to support at least Rel-15 CCE/BD capability in this case, regardless of how new UE features are defined for URLLC in Rel-16.
Observation 3-5: Slot-based USS monitoring only can be covered by FG-3-1, and no consideration is needed in the framework for enhanced PDCCH monitoring.
CSS can appear anywhere in a slot, not just the beginning of a slot. Given the uncertainty, it is almost impossible to have special consideration on CSS when defining the new framework.
Proposal 3-4: There is no special consideration for CSS in the framework for enhanced PDCCH monitoring.
For a UE that may be configured with both slot-based monitoring and sub-slot-based monitoring, the question is whether the framework for enhanced PDCCH monitoring can possibly be tailored to support such a case in a better way, e.g. by having unequal numbers defined in different spans.
We see some difficulty in doing so, because how PDCCH is configured is totally up to gNB implementation. If we want to pre-define some splits between slot-based and sub-slot-based monitoring, a reasonable number of combinations would be required in order to cover a variety of possibilities.
In addition, if a UE is able to support a particular number of CCEs/BDs in the first span in a slot, and if processing pipelining is somewhat perfect, then the same number can also be supported in the subsequent spans.
However, this can highly depend on UE implementation, and will require more input from UE vendor.
Observation 3-6: It needs to be discussed further whether there is a need and/or an effective way to include special consideration of slot-based monitoring in the framework for enhanced PDCCH monitoring.

Conclusion
In this contribution, we discuss the Rel-16 DCI scheduling URLLC traffic and have the following related proposals and observations:
Observation 2-1: Introducing new DCI formats for URLLC scheduling retains the optimized scheduling flexibility of the non-fallback DCI formats for eMBB operation for mixed traffic UEs. In contrast, using modified non-fallback DCI formats for URLLC operation will impact the eMBB operation efficiency for mixed traffic UEs. 
Proposal 2-1: Introduce a new UL and DL DCI format for Rel-16 URLLC scheduling. 
Proposal 2-2: Enhance the UE DCI size budget to at least “4+1” for Rel-16 URLLC transmission. 
Proposal 2-3: Introduce a configurable multiplier to the RBG size for resource allocation type 0 to enable a configurable DCI field size reduction of the frequency domain resource allocation. 
Proposal 2-4: Support a configurable coarser starting point and length indication granularity for RA type 1 for URLLC scheduling. Details including separate configurability for start / length are FFS. 
Observation 2-2: The flexibility of the Rel-15 non-fallback DCIs to reduce the TDRA field size by configuration could be directly reused for the URLLC scheduling.  
Proposal 2-5: The reference point for the starting symbol of TDRA for PDSCH can be the start of the PDCCH transmission. Modifications to PDSCH mapping types (e.g. L=2 for Type A) are FFS. 
Proposal 2-6: Support a configurable size for the MCS field in the scheduling DCI. Details on the MCS signalling definition are FFS. 
Proposal 2-7: Support a configurable number of HARQ processes for dynamically scheduled PUSCH/PDSCH operation (similarly as already supported for Rel-15 SPS / CG), which determines the field size of the HARQ process number. 
Proposal 2-8: Support a configurable redundancy version field size of 0, 1 or 2 bits. In case of 0-bit RV indication RV0 is to be applied, and in case of 1-bit RV either RV0 or RV3 is to be dynamically indicated.
Proposal 2-9: Support configurable MIMO related fields, including Antenna ports, SRS request, TCI and DM-RS sequence initialization. The fields can be configured to zero bit and with a full value range as Rel-15 non-fallback DCI supported. 
Proposal 2-10: Post-pone the discussions on potential field size reduction of PUCCH resource indication, PDSCH-to-HARQ feedback timing indication and DAI until after having (more) clarity on the supported Rel-16 UCI enhancements for URLLC. 
Observation 2-3: With the proposed enhancements, the target of DCI size reduction of 10-16 bits can be achieved. 
Observation 2-4: Using different CORESETs or search space sets for differentiating the size-aligned fallback DCI on USS and URLLC DCI on USS cannot provide the BD reduction intended by the DCI size alignment procedure. 
Observation 2-5: Using CSS / USS to differentiate the size-aligned fallback DCI on CSS and URLLC DCI on USS is not sufficient as a stand-alone solution if the fallback DCI is also configured in USS and is size-aligned with fallback DCI in CSS.
Observation 2-6: Using explicit indication in the DCI format to differentiate the size-aligned fallback DCI on USS and URLLC DCI on USS is generically applicable. The size alignment between the fallback DCI on CSS and USS can be further considered, in case the DCI size budget is of concern.  
Observation 2-7: Using different RNTIs to differentiate the size-aligned fallback DCI and URLLC DCI is generically applicable but increases the overall false-positive decoding probability. 
Proposal 2-11: Restrict the further discussions on the differentiation of the size-aligned fallback DCI and URLLC DCI on the options of explicit indication in the fallback DCI and applying different RNTIs.

We further discuss the increased PDCCH monitoring capability and have the following observations and proposals:
Observation 3-1: The maximum number of CCEs per slot required to support URLLC properly is significantly higher than Rel-15 capability.
Observation 3-2: The Rel-15 NR 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.
Proposal 3-1: The definition of span separation/duration (X, Y) in FG-3-5b is reused for defining enhanced PDCCH monitoring capability in Rel-16, except that “The span duration is max{maximum value of all CORESET durations, minimum value of Y in the UE reported candidate value} except possibly the last span in a slot which can be of shorter duration.” is removed.
· That is, a particular PDCCH monitoring configuration meets the UE capability limitation if the span arrangement satisfies the gap separation for any (X, Y) and the corresponding maximum number CCEs[/BDs] per span in the UE reported candidate value set in every slot, including cross slot boundary.
Observation 3-3: If span duration/separation is adopted as the framework to define the enhanced CCE monitoring, it makes sense to use the same framework for the BD monitoring to be more friendly to UE pipelining design and avoid inefficient handling in BD dropping.
Proposal 3-2: For each (X, Y) combination, a single value is defined or can be reported for the maximum number of CCEs[/BDs]. Whether to have the values defined in the specifications or UE features can be decided later after more details are available.
Observation 3-4: It is generally desirable to reduce the number of combinations of (X, Y).
Proposal 3-3: Introduce a span separation X of 3 symbols.
Observation 3-5: Slot-based USS monitoring only can be covered by FG-3-1, and no consideration is needed in the framework for enhanced PDCCH monitoring.
Proposal 3-4: There is no special consideration for CSS in the framework for enhanced PDCCH monitoring.
Observation 3-6: It needs to be discussed further whether there is a need and/or an effective way to include special consideration of slot-based monitoring in the framework for enhanced PDCCH monitoring.
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Appendix A
Statistics of the number of CCEs required per slot from simulations
Here we simulate the number of CCEs that is required for a UE with more realistic search space configuration. For the consideration on the maximum number of CCEs, the bottleneck comes from the cases when a UE is in a bad RF condition which would require high ALs being configured, which is the focus here. We consider the following configurations:
· System: 30kHz SCS, 40 MHz (106 RBs)
· CORESET configuration
· 1 OFDM symbol, 102 RBs in frequency (17 CCEs)
· 2 OFDM symbols, 102 RBs in frequency (a total of 34 CCEs)
· A single UE-specific search space set (for URLLC) with 4 monitoring occasions per slot. The number of candidates for ALs of (1, 2, 4, 8, 16) per monitoring occasion is:
· (4, 4, 2, 1, 1) – up to 44 non-overlapping CCEs per monitoring occasion
· (0, 0, 2, 1, 1) – this is considered as a bare minimum configuration for a UE that requires AL of 16. Up to 32 non-overlapping CCEs per monitoring occasion
For each case, the following distributions are provided:
· The distribution of the number of CCEs per slot collected from different slots for different UEs / RNTIs
· This shows how many CCEs are needed in each slot.
· The distribution of the maximum number CCEs per slot over all slots for a UE collected from different UEs/RNTIs
· This shows how many CCEs are needed for a UE not to drop the USS in any slot.
For Case 1 of 1-OS CORESET, (4, 4, 2, 1, 1) candidates for ALs of (1, 2, 4, 8, 16), the distributions are shown in Fig. 3-1(a). In this case, the CCEs for the candidates of different ALs overlap a lot because the CORESET has only 17 CCEs. So, the number of CCEs that a UE needs to monitor is basically restricted by the CORESET size of all monitoring occasions. The right figure shows that for any UE, there is at least one slot in which the UE needs to monitor 17*4=68 CCEs. If a UE cannot monitor so many CCEs, the entire search space set will be dropped in these slots based on Rel-15 behavior, meaning that no URLLC traffic can be scheduled in these slots. In order to prevent this from happening, a UE should be able to monitor 68 CCEs per slot.
For Case 2 of 1-OS CORESET, (0, 0, 2, 1, 1) candidates for ALs of (1, 2, 4, 8, 16), the results are similar as shown in Fig. 3-1(b), because the main limitation is the CORESET size. In this case, a UE needs to be able to monitor 64 CCEs (instead of 68 for Case 1) per slot in order to avoid USS dropping.
For Case 3 of 2-OS CORESET, (4, 4, 2, 1, 1) candidates for ALs of (1, 2, 4, 8, 16), the maximum number of CCEs is again largely limited by the CORESET size (34 CCEs) as shown in Fig. 3-1(c). We can see that the maximum number of CCEs per slot is 124 (or 31 CCEs per monitoring occasion).
For Case 4 of 2-OS CORESET, (0, 0, 2, 1, 1) candidates for ALs of (1, 2, 4, 8, 16) shown in Fig. 3-1(b), the maximum number of CCEs per slot is 112 (or 28 CCEs per monitoring occasion).
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(a) Case 1: 1-OS CORESET, (4, 4, 2, 1, 1) candidates for ALs of (1, 2, 4, 8, 16)
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(b) Case 2: 1-OS CORESET, (0, 0, 2, 1, 1) candidates for ALs of (1, 2, 4, 8, 16)
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(c) Case 3: 2-OS CORESET, (4, 4, 2, 1, 1) candidates for ALs of (1, 2, 4, 8, 16)
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(d) Case 4: 2-OS CORESET, (0, 0, 2, 1, 1) candidates for ALs of (1, 2, 4, 8, 16)
Figure 3-1: Required number of CCEs per slot for 4 monitoring occasions and varying 
AL candidates and CORESET sizes
Note that this only consider a single USS. No CSS or other USS (e.g. for eMBB traffic) has been counted, which need to be added on top of these numbers to figure out the actual required PDCCH monitoring capability. Also, a single candidate is assumed for AL8 and AL16, which is not sufficient to schedule DL and UL in the same monitoring occasion in case e.g. AL16 is needed for the DCI. Even so, the numbers are still significantly beyond the Rel-15 capability.
Appendix B
Definition of UE feature 3-1 in Rel-15 (Basic DL control channel)
	1) One configured CORESET per BWP per cell in addition to CORESET0
- CORESET resource allocation of 6RB bit-map and duration of 1 – 3 OFDM symbols for FR1
- For type 1 CSS without dedicated RRC configuration and for type 0, 0A, and 2 CSSs, CORESET resource allocation of 6RB bit-map and duration 1-3 OFDM symbols for FR2
- For type 1 CSS with dedicated RRC configuration and for type 3 CSS, UE specific SS, CORESET resource allocation of 6RB bit-map and duration 1-2 OFDM symbols for FR2

- REG-bundle sizes of 2/3 RBs or 6 RBs
- Interleaved and non-interleaved CCE-to-REG mapping
- Precoder-granularity of REG-bundle size 
- PDCCH DMRS scrambling determination
- TCI state(s) for a CORESET configuration

2) CSS and UE-SS configurations for unicast PDCCH transmission per BWP per cell
- PDCCH aggregation levels 1, 2, 4, 8, 16

- UP to 3 search space sets in a slot for a scheduled SCell per BWP
This search space limit is before applying all dropping rules. 

- For type 1 CSS with dedicated RRC configuration, type 3 CSS, and UE-SS, the monitoring occasion is within the first 3 OFDM symbols of a slot
- For type 1 CSS without dedicated RRC configuration and for type 0, 0A, and 2 CSS, the monitoring occasion can be any OFDM symbol(s) of a slot, with the monitoring occasions for any of Type 1- CSS without dedicated RRC configuration, or Types 0, 0A, or 2 CSS configurations within a single span of three consecutive OFDM symbols within a slot

3) Monitoring DCI formats 0_0, 1_0, 0_1, 1_1
4) Number of PDCCH blind decodes per slot with a given SCS follows Case 1-1 table

5) Processing one unicast DCI scheduling DL and one unicast DCI scheduling UL per slot per scheduled CC for FDD
6) Processing one unicast DCI scheduling DL and 2 unicast DCI scheduling UL per slot per scheduled CC for TDD
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image8.emf
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{(2, 2) (4,3) (7,3)} With Rel-15, UE assumes (X,Y)=(2,2)

But the MOs also satisfies (X,Y)=(7,3)
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Distribution of assigned max #CCEs w/ NR Rel15 USS
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Distribution of assigned max #CCEs w/ NR Rel15 USS
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Distribution of assigned #CCEs w/ NR Rel15 USS
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Distribution of assigned max #CCEs w/ NR Rel15 USS
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Distribution of assigned #CCEs w/ NR Rel15 USS
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Distribution of assigned max #CCEs w/ NR Rel15 USS
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